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ABSTRACT 


Preliminary  bond-strength  performance  criteria  were  developed  for 
screening  and  selecting  portland-cement  concrete  (PCC)  and  latex- 
modified  concrete  (LMC)  materials  to  be  overlaid  on  PCC  pavements 
and  PCC  bridge  decks  subjected  to  normal  civilian  truck  and 
automobile  traffic.  The  criteria  were  developed  based  on  direct 
shear  bond  test  results  from  (i)  field  cores  from  pavements  and 
bridge  decks  which  were  considered  to  have  performed 
satisfactorily,  and  (ii)  laboratory-  and  field-cast  specimens 
with  PCC  and  LMC  overlay  materials.  The  criteria  consist  of 
minimum  direct  shear  bond  strength  levels  and  corresponding 
minimum  compressive  strength  levels.  A direct  shear 
"guillotine,,-type  performance  bond  test  method,  developed  at  the 
Brookhaven  National  Laboratories,  was  specified  using  laboratory- 
cast  specimens. 

The  criteria  are  preliminary  because:  (i)  the  criteria  are  based 
on  very  limited  field-  and  laboratory-based  bond  strengths  and 
should  be  further  verified  by  being  correlated  with  field 
performance,  including  various  service  conditons  (temperature, 
moisture,  wheel  loading,  etc.).,  (ii)  the  criteria  need  to  be 
assessed  with  regard  to  repeatability  within,  and  reproducibility 
among  laboratories,  (iii)  the  effects  of  material  variables 
(aggregate,  cement,  mix  design,  etc.),  surface  preparation, 
placement  procedures,  curing  conditions,  and  curing  duration  on 
the  criteria  need  to  be  evaluated.  Therefore,  the  criteria  are  a 
starting  point  and  should  be  evaluated  on  a trial  basis?  most 
likely,  the  criteria  will  need  to  be  modified  as  additional  field 
performance  results  and  laboratory  experience  are  obtained. 

A notable  limitation  of  the  "guillotine”  performance  test  method 
is  its  relatively  poor  precision,  as  evidenced  by  relatively 
large  coefficient  of  variation  values  associated  with  the  test 
method.  Although  the  limitation  of  imprecision  exists,  the 
"guillotine”  test  method  is  still  considered  to  be  the  best 
available  performance  bond  test  method  for  which  field 
performance  data  exist.  Field-performance  data  need  to  be 
obtained  for  other  bond  test  methods  with  potentially  better 
precision,  such  as  the  uniaxial  tension  test  method,  which  was 
also  investigated  in  the  laboratory  and  reported  in  this  report. 

Key  Words:  Bond  Strength, Bridge  Decks,  Direct  Shear  Bond  Test 
Method,  Latex-Modified  Concrete,  Overlay,  Pavement,  Performance 
Criteria,  Precision,  Portland  Cement  Concrete,  Repair  Materials 
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Figure  1.  BNL  direct  shear  bond  apparatus  with  holding  frame  and 
loading  ram.  A 3-in.  diameter  bond  specimen  is  shown  prior  to 
inserting  it  into  the  holding  frame.  This  test  setup  was  used  for 
all  NIST  tests  (bond  specimens,  plain  overlay  material,  or  base 
concrete  sheared) . A somewhat  similar  test  setup  was  used  for 
the  Virginia  Transportation  Research  Council  testing  - see 
Section  3.1.1.  and  references  12  and  13. 

Figure  2.  A3  in. -diameter  bond  specimen  inserted  in  holding 
frame  showing  the  1 in. -thick  overlay  section  to  be  "guillotined" 
in  direct  shear.  A 2 in. -thick  steel  wall  thickness  was  used  to 
hold  the  the  specimen.  This  was  the  NIST  test  setup  - see  Section 
3.1.1. 

Figure  3 . BNL  direct  shear  bond  test  apparatus  with  a bond 
specimen  in  apparatus  ready  to  apply  a shear  load,  by  applying  a 
compressive  force  to  the  loading  ram.  Note  the  use  of  a 1.0  in.- 
wide  by  3/16  in. -thick  by  3-1/8  in. -long  steel  bearing  plate 
which  rested  on  top  of  the  loading  ram.  The  front  face  of  the 
bearing  plate  (3/16  by  3-1/8  in.)  was  flush  with  the  front  face 
of  the  loading  ram,  and  centered  with  respect  to  the  width  of  the 
loading  ram,  and  also  centered  with  respect  to  the  spherically- 
seated  bearing  block  (not  shown)  of  the  testing  machine.  (The 
thickness  and  length  of  the  bearing  plate  varied  (thickness:  3/16 
and  1/2  in.;  length:  3-1/8  and  4 in.).  A 1 in.  width  was  always 
used.).  The  purpose  of  the  plate  was  to  help  transmit  the 
applied  load  to  the  center  of  the  overlay  being  sheared. 

Figure  4.  IOWA  testing  jig,  not  in  testing  machine. 

Figure  5.  Specimen  in  IOWA  testing  jig,  which  is  in  testing 
machine . 

Figure  6.  Slant  shear  bond  specimen  being  compressed.  One  half 
of  the  specimen  is  base  portland  cement  concrete  and  the  other 
half  is  overlay  material. 

Figure  7.  Uniaxial  tension  bond  test  setup.  Pipe  caps  were 
screwed  on  the  pipe  nipples,  then  installed  in  a screw-driven 
testing  machine,  and  pulled  in  tension.  Two  pipe  nipples  were 
used:  one  was  bonded  to  the  base  concrete  and  the  other  bonded  to 
the  overlay  material.  A rubber  "0"-ring  provided  about  3/16  in. 
spacing  between  the  pipe  nipples  at  the  bond  plane.  A universal 
ball  and  socket  connection  was  used  at  each  end  of  the  specimen 
(see  reference  4 for  details) . 
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Figure  8.  Direct  shear  bond  strength  vs.  age  at  testing  for  1-Day 
Old  PCC  overlay  material  for  the  IOWA  (figure  8a.)  and  BNL 
(figure  8b.)  test  methods.  The  solid  lines  are  the  least-squares 
linear  regression  lines  for  specimens  with  sawn  surfaces,  where 
the  individual  data  are  shown  by  the  number  "l";  similarly,  the 
dashed  lines  are  the  least-squares  linear  regression  lines  for 
specimens  with  sandblasted  surfaces,  where  the  individual  data 
are  shown  by  the  number  "2". 

Figure  9.  BNL  direct  shear  bond  strength  vs.  IOWA  direct  shear 
bond  strength  for  1-  and  3-Day  Old  PCC  overlay  material.  The 
dotted  line  is  a least-squares  linear  regression  line  fitted  to 
average  bond  strengths  based  on  8 (or  in  one  case  9)  replicates, 
where  the  individual  averages  are  shown  with  open  symbols.  The 
solid  line  is  a least-squares  linear  regression  line  fitted  to 
average  bond  strengths  based  on  the  highest  two  bond  strengths 
out  of  8 (or  in  one  case  9)  replicates,  where  the  individual 
averages  are  shown  with  solid  (filled-in)  symbols.  See  Section 
5.2. 1.3  for  details. 

Figure  10.  BNL  Direct  Shear  Bond  Strength  vs.  Compressive 
Strength  of  Overlay  Material  (see  Section  5.2.3  for  details). 

Figure  11.  Probability  of  misclassif ication  based  on  a specified 
"average"  BNL  bond  strength  of  325  psi  (Class  I,  table  10)  with  a 
sample  size  of  8 replicates.  Curves  are  given  for  three  assumed 
coefficient  of  variation  values  (CV)  of  10,  20,  and  30  percent. 
The  probability  of  supposedly  meeting  the  criteria  when,  in  fact, 
the  criteria  were  not  met  is  given  by  the  curves  to  the  left  of 

the  specified  "average"  bond  strength  (325  psi)  and  the 

probability  of  supposedly  not  meeting  the  criteria  when,  in  fact, 
the  criteria  were  met  is  given  by  the  curves  to  the  right  of  the 
specified  "average"  bond  strength. 

Figure  12.  Probability  of  misclassif ication  based  on  a specified 
"average"  BNL  bond  strength  of  375  psi  (Class  II,  table  10)  with 
a sample  size  of  8 replicates.  Curves  are  given  for  three  assumed 
coefficient  of  variation  (CV)  values  of  10,  20,  and  30  percent. 
The  probability  of  supposedly  meeting  the  criteria  when,  in  fact, 
the  criteria  were  not  met  is  given  by  the  curves  to  the  left  of 

the  specified  "average"  bond  strength  (375  psi)  and  the 

probability  of  supposedly  not  meeting  the  criteria  when,  in  fact, 
the  criteria  were  met  is  given  by  the  curves  to  the  right  of  the 
specified  "average"  bond  strength. 
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Figure  13.  Probability  of  misclassif ication  based  on  a specified 
"average"  BNL  bond  strength  of  425  psi  (Class  III,  table  10)  with 
a sample  size  of  8 replicates.  Curves  are  given  for  three  assumed 
coefficient  of  variation  (CV)  values  of  10,  20,  and  30  percent. 
The  probability  of  supposedly  meeting  the  criteria  when,  in  fact, 
the  criteria  were  not  met  is  given  by  the  curves  to  the  left  of 
the  specified  "average"  bond  strength  (425  psi)  and  the 
probability  of  supposedly  not  meeting  the  criteria  when,  in  fact, 
the  criteria  were  met  is  given  by  the  curves  to  the  right  of  the 
specified  "average"  bond  strength. 

Figure  Bl.  (Appendix  B)  Bond  strength  vs.  age  at  testing  for  2 
Day-Old  PCC  overlay  material  for  the  BNL  (figure  Bl(a)),  uniaxial 
tension  (figure  Bl(b)),  and  slant  shear  (figure  Bl(c)  bond  test 
methods.  The  solid  lines  are  the  least-squares  linear  regression 
lines  for  specimens  with  sawn  surfaces,  where  the  individual  data 
are  shown  by  the  number  "1";  similarly,  the  dashed  lines  are  the 
least-squares  linear  regression  lines  for  specimens  with 
sandblasted  surfaces,  where  the  individual  data  are  shown  by  the 
number  " 2 " . 

Figure  B2  (Appendix  B)  Bond  strength  vs.  age  at  testing  for  1 
Day-Old  LMC  overlay  material  for  the  BNL  (figure  Bl(a)),  uniaxial 
tension  (figure  Bl(b)),  and  slant  shear  (figure  Bl(c)  bond  test 
methods.  The  solid  lines  are  the  least-squares  linear  regression 
lines  for  specimens  with  sawn  surfaces,  where  the  individual  data 
are  shown  by  the  number  "1";  similarly,  the  dashed  lines  are  the 
least-squares  linear  regression  lines  for  specimens  with 
sandblasted  surfaces,  where  the  individual  data  are  shown  by  the 
number  "2". 
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1. 


BACKGROUND 


The  ability  of  a bonded  overlay  to  bond  to  its  base  concrete 
during  the  lifetime  of  the  overlay  is  one  of  the  most  important 
performance  requirements  [1,2,3]  which  can  be  quantified.  There 
is  a need  for  performance  tests  and  criteria  for  screening  and 
selecting  materials  for  overlaying  portland  cement  concrete  (PCC) 
[2,4].  For  example,  there  are  existing  ASTM  test  methods  and 
specifications  for  using  epoxy-resin  bonding  systems  (C  881  [5], 

C 882  [6],  C 883  [7],  C 884  [8])  and  latex  bonding  agents  and 
systems  (C  1042  [9],  and  C 1059  [10])  with  PCC.  However,  these 
test  methods  and  specifications  are  not  appropriate  for  other 
types  of  overlay  materials,  such  as  plain  portland  cement 
concrete  (without  the  use  of  a bonding  agent)  and  latex-modified 
concrete  (LMC)  materials. 

The  Tri-Service  (U.S.  Army,  Navy,  and  Air  Force)  Building 
Materials  Investigational  Program  has  sponsored  research  at  the 
National  Institute  of  Standards  and  Technology  (NIST)  to  develop 
performance  tests  [4,11]  and  in  the  current  study,  to  develop 
preliminary  performance  criteria  for  concrete  overlay  materials. 

In  one  of  the  previous  studies  [11],  a test  method  was  developed 
to  determine  the  uniaxial  tensile  bond  strength.  That  study 
concentrated  primarily  on  the  bond  strength  of  new  portland 
cement  paste  to  old  portland  cement  paste.  In  the  other  study 


[4],  three  bond  strength  test  methods  were  evaluated  for 
concrete:  two  uniaxial  tensile  bond  strength  test  methods  and  a 
slant  shear  bond  strength  test  method.  In  Reference  4,  it  was 
concluded  that  both  the  slant  shear  test  method  and  one  uniaxial 
tensile  test  method  (the  pipe  nipple  grips  test  method)  were 
promising  bond  test  methods  for  screening  and  selecting  portland 
cement  concrete  or  latex-modified  concrete-type  repair  materials 
for  overlaying  or  patching  PCC.  While  these  two  methods  were 
promising,  particularly  with  regard  to  precision,  a major 
drawback  to  developing  performance  criteria  for  these  test 
methods  was  that  their  results  have  not  been  related  to  field 
performance . 

With  the  direct  shear  bond  test  method,  however,  there  exist  bond 
strength  results  for  field  cores  taken  from  pavements  and  bridge 
decks  [3,12].  In  addition,  bond  specimens  cast  in  the  field 
were  tested  using  a direct  shear  bond  test  method  [13].  Two 
direct  shear  bond  test  methods  were  investigated  in  the 
laboratory  in  the  current  study.  Based  on  results  from  field 
cores  and  laboratory-  and  field-cast  specimens,  preliminary 
performance  criteria  were  developed  based  on  one  of  the  direct 
shear  bond  tests,  the  BNL  test,  developed  by  the  Brookhaven 
National  Laboratories  (described  in  Section  3.1.1).  The 
preliminary  performance  criteria  were  also  based  on  bond  strength 
- compressive  strength  relationships,  which  were  derived  from 
testing  laboratory-  and  field-cast  specimens.  The  criteria 
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developed  in  the  current  study  were  seen  as  a first  step  in  the 
process  of  developing  needed  performance  criteria  for  the  various 
applications  and  materials  used  in  repairing  concrete. 

In  addition,  in  the  current  study,  a comparison  between 
laboratory-based  results  for  the  uniaxial  tension  and  the  BNL 
direct  shear  bond  test  methods  was  made.  The  comparison,  when 
combined  with  field  performance  data  and  additional  laboratory 
data,  should  be  useful  in  the  future  development  of  performance 
criteria  based  on  the  uniaxial  tension  bond  test  method. 

A laboratory-based  comparison  was  also  made  between  the  results 
for  the  BNL  direct  shear  bond  and  the  slant  shear  bond  test 
methods.  Because  it  is  difficult  to  obtain  and  test  field  cores 
in  the  slant  shear  configuration,  it  would  be  difficult  to 
develop  field-based  performance  criteria  for  the  slant  shear  test 
method.  However,  the  fraction  of  the  strength  of  the  slant  shear 
composite  specimen  (overlay  and  base  concrete)  relative  to  that 
of  the  base  concrete  has  the  potential  to  provide  useful 
auxiliary  bond  information,  which  could  be  used  in  conjunction 
with  performance  criteria  based  on  another  bond  test  method. 

2.  PURPOSE,  SCOPE,  AND  APPROACH 

The  purpose  of  the  current  study  was  to  develop  preliminary 
performance  criteria  for  the  strength  of  the  bond  between  overlay 
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materials  and  PCC  pavements  and  bridge  decks. 


Preliminary  performance  criteria  were  developed  for  PCC-  and  LMC- 
overlay  materials.  The  performance  test  used  to  specify  the 
criteria  was  the  BNL  direct  shear  bond  test. 

Preliminary  performance  criteria  were  developed  based  on  (i) 
field  core  results  from  pavements  and  bridge  decks  which  were 
considered  to  have  performed  satisfactorily,  and  (ii)  on  results 
from  laboratory-  and  field-  cast  bond  specimens  with  PCC  and  LMC 
overlay  materials.  The  field  cores  and  laboratory-  and  field- 
cast  specimens  were  tested  using  the  BNL  and  the  IOWA  direct 
shear  bond  test  methods  (described  in  Chapter  3) . Only 
laboratory-cast  specimens  were  tested  in  the  current  study.  The 
laboratory  test  results  included  the  bond  strength  and 
compressive  strength  (of  the  overlay  material)  and  were  used  to: 

(i)  establish  an  approximate  relationship  between  the  bond 
strength  and  compressive  strength  (of  the  overlay) , which  was 
used  in  developing  the  performance  criteria  and, 

(ii)  to  correlate  the  IOWA  and  the  BNL  direct  shear  bond  test 
methods  so  that  the  field  performance  information  of  both  test 
methods  could  be  used  in  developing  the  performance  criteria. 

(The  field  cores  tested  using  the  IOWA  bond  test  method  were  from 
PCC  overlays  on  pavements  while  field  cores  tested  using  the  BNL 
test  method  were  from  LMC  overlays  on  bridge  decks.  The 
performance  criteria  developed  covered  both  PCC  and  LMC  overlay 
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materials . ) 


In  addition,  and  for  reasons  given  in  Chapter  1,  comparisons 
between  the  uniaxial  tension  and  the  BNL  direct  shear  bond  test 
methods,  and  also  between  the  slant  shear  and  the  BNL  direct 
shear  bond  test  methods,  were  made  based  on  laboratory-cast 
specimens . 


3.  DESCRIPTION  OF  BOND  TEST  METHODS 

3 . 1 Direct  Shear 

3.1.1  BNL  Direct  Shear  Bond  Test  Method 

The  BNL  direct  shear  bond  test  method  was  used  in  the  laboratory 
to  test  both  field  cores  and  laboratory-  and  field-cast 
specimens.  Details  of  the  test  specimens  and  materials  are  given 
in  Chapter  4 . 

Figures  1 to  3 provide  pictures  and  diagrams  of  the  test 
apparatus.  The  apparatus  can  be  fabricated  to  accomodate 
different  diameter  specimens,  but  a separate  apparatus  is  needed 
for  each  specimen  diameter  used.  In  this  test  method,  the 
cylindrical  specimens  are  subjected  to  a "guillotine"  direct 
shear  force. 
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All  field  core  specimens  tested  using  the  BNL  test  method  were 
tested  at  the  Virginia  Transportation  Research  Council,  VTRC, 

[12]  using  4 in. -diameter  cores  approximately  5.5  in.  long. 
Laboratory-  and  field-cast,  4 in. -diameter  by  4.6  in. -long 
specimens  were  tested  at  the  VTRC.  (The  base  concrete  for  the 
field-cast  bond  specimens  was  cast  in  the  VTRC  laboratory.) 
Laboratory-cast,  3 in.-  diameter  specimens  were  tested  at  the 
NIST  and  at  the  Iowa  Department  of  Transportation.  (The  testing 
at  the  Iowa  DOT  was  part  of  Comparative  Test  Series  I,  described 
in  Section  4.2.1.) 

The  field  cores  and  laboratory-  and  field-cast  bond  specimens 
were  tested  at  the  VTRC  in  the  following  way.  Special  care  was 
used  to  align  the  bond  plane  with  the  inside  vertical  face  of  the 
holding  frame  (figure  2)  and  the  front  face  of  the  guillotine 
loading  ram  (figure  3) , which  was  placed  over  the  overlay.  Prior 
to  starting  the  test,  the  center  of  the  loading  ram  was  placed 
under  the  center  of  the  upper  head  of  the  testing  machine  and  a 
1/16  in. -thick  neoprene  pad  was  placed  between  the  head  and  the 
top  of  the  ram.  The  average  thickness  of  the  overlays  for  the 
field  cores  ranged  from  1.1  to  1.9  in.  and  the  thickness  of  the 
overlay  for  the  laboratory-and  field-cast  specimens  was  2 in. 
After  the  field  core  or  laboratory-  or  field-cast  specimen  had 
failed,  the  broken  parts  were  removed  from  the  holding  frame  and 
the  percentages  of  the  failure  surface  which  failed  in  the 
overlay,  through  the  bond  plane,  and  in  the  base  concrete  were 
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estimated.  To  obtain  the  shear  strength  of  the  base  concrete, 
the  base  concretes  of  the  field  cores  and  laboratory-  and  field- 
cast  specimens  were  tested  in  a similar  manner.  The  base 
concrete  section  of  the  field  core  or  a 4 in.  diameter  by  4 in. 
long  laboratory-cast  specimen  of  base  concrete  was  placed  in  the 
holding  frame  so  that  approximately  1.5  in.  of  the  bottom,  base- 
concrete  portion  of  the  core  or  1.5  in.  of  the  laboratory-cast 
specimen  of  base  concrete  was  under  the  ram  and  was  loaded  to 
failure.  Likewise,  to  obtain  the  shear  strength  of  the  overlay 
material  cast  on  the  laboratory-  and  field-cast  specimens,  a 4 
in.  diameter  by  4 in.  long  specimen  of  overlay  material  was 
placed  in  the  holding  frame  so  that  approximately  1.5  in.  of  the 
specimen  was  under  the  loading  ram.  The  nominal  shear  strength 
was  calculated  by  dividing  the  failure  load  by  the  cross- 
sectional  area  (12.57  in.2)  of  the  specimen.  With  all  the  VTRC 
shear  tests,  a compressive  load  which  caused  the  shear  failure 
was  applied  at  the  rate  of  10,000  lbf/min. 

The  NIST  test  setup  for  the  BNL  direct  shear  bond  test  differed 
from  the  VTRC  procedure  in  that  3 in.  diameter  specimens  were 
used;  an  additional  steel  bearing  plate  was  used  (figure  3) ; a 
neoprene  pad  was  not  used;  a 1 in.  thickness  of  overlay,  plain 
base  concrete,  or  plain  overlay  material  was  used  (i.e.  three 
different  locations  sheared  - at  bond  plane,  in  plain  overlay,  or 
in  plain  base  concrete) ; the  load  rate  was  about  1100  to  1200 
lbf/min.  for  specimens  sheared  at  the  bond  line  as  well  as  for 
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those  sheared  in  the  plain  overlay  material?  and  the  load  rate  was 
about  6300  lbf./min.  for  specimens  sheared  in  the  plain  base 
concrete. 

For  all  NIST  and  VTRC  testing,  2 in.  of  base  concrete  was  secured 
in  place  by  the  wall  of  the  holding  frame  (figure  2) . 

3.1.2  IOWA  Direct  Shear  Bond  Test  Method 

A direct  shear  bond  testing  jig  was  developed  by  the  Iowa 
Departmentment  of  Transportation  [14].  It  consists  of  a two-part 
collar  (figure  4)  that  fits  over  a 4 in.  diameter  core  or  bond 
specimen  with  the  junction  of  the  two  sliding  parts  lined  up  over 
the  bond  plane.  The  testing  jig  containing  the  bond  specimen  was 
then  placed  into  a hydraulic  testing  machine  and  the  two  ends  of 
the  tester  pulled  in  tension  (figure  5)  until  the  load  required 
to  shear  the  specimen  was  attained.  The  load  rate  used  was  about 
5000  to  6000  lbf/min.  in  Comparative  Test  Series  I . The  nominal 
shear  strength  was  calculated  by  dividing  the  failure  load  by  the 
cross-sectional  area  of  12.57  in.2. 

The  overlay  thickness  was  3 in.  for  the  field  cores  and  about  2 
in.  for  the  laboratory-cast  specimens.  The  length  of  the  base 
concrete  for  the  laboratory-cast  bond  specimens  was  about  2 in. 
(The  overlays  for  the  laboratory-cast  specimens  were  cast  and 
tested  at  the  Iowa  Department  of  Transportation  laboratory  in 
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Aimes,  Iowa) . The  plates  that  transmitted  the  shearing  force 
(through  bearing)  were  about  1-  3/16  in.  thick. 

3.2  Modified  ASTM  Slant  Shear  Bond  Test  Method 

A modification  of  the  ASTM  C 882  [6]  slant  shear  bond  strength 
test  consisted  of  replacing  one-half  of  the  slant  shear  test 
specimen  with  overlay  material,  resulting  in  one-half  of  the 
specimen  being  overlay  material  bonded  to  the  other  half,  which 
was  base  concrete.  The  angle  of  the  shear  plane  was 
approximately  3 0°  with  respect  to  the  longitudinal  axis  of  the 
cylinder.  Figure  6 shows  a slant  shear  specimen  being 
compressed.  The  total  specimen  dimensions  (overlay  and  base 
concrete)  were  3 in.  in  diameter  by  6 in.  long. 

3.3  Uniaxial  Tension  Bond  Test  Method 


A summary  of  the  method  used  to  apply  uniaxial  tensile  stress  to 
bond  strength  specimens  using  pipe  nipple  grips3  is  given  below; 
a detailed  description  of  the  test  method  is  given  in  reference 
4.  A bond  strength  specimen  consisted  of  a 3 in. -diameter  by 


3 This  method  was  developed  at  Dow  Chemical  Co.  by  L. 
Kuhlmann.  Certain  manufacturers'  names,  and  names  of  commercial 
equipment,  instruments,  and  materials  are  identified  in  this 
report  to  adequately  specify  the  experimental  procedure.  Such  an 
identification  does  not  imply  recommendation  or  endorsement  by 
the  National  Institute  of  Standards  and  Technology,  nor  does  it 
imply  that  the  equipment,  instruments,  or  materials  identified 
are  necessarily  the  best  available  for  the  purpose. 
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approximately  3 in. -long  cylinder  of  overlay  material  bonded  to  a 
3 in.  diameter  by  approximately  3 in. -long  cylinder  of  base  PCC. 

A screw-driven  testing  machine  was  used  to  conduct  the  uniaxial 
tensile  tests  at  a deformation  rate  of  1 mm/minute. 

The  circumference  of  the  base  PCC  cylinder,  with  a sawn  or 
sandblasted  surface,  was  bonded  with  epoxy  inside  of  a nominal  3 
in.  inside  diameter  by  3 in. -long,  black  steel  pipe  nipple.  A 
rubber  "On-ring  was  placed  on  top  of  the  pipe  nipple.  After  the 
epoxy  had  cured,  a similar  empty  pipe  nipple  was  mounted  on  top 
of  the  base  concrete-pipe  nipple  "C'-ring  assembly,  and  the 
overlay  material  was  cast  into  the  empty  pipe  nipple.  After 
curing,  the  overlay  material  had  bonded  to  the  base  concrete  and 
to  the  inside  of  the  pipe  nipple.  In  order  to  attach  the 
specimen  to  the  testing  machine,  pipe  caps  with  special 
attachments,  including  universal  ball  and  socket  connections, 
were  screwed  on  the  pipe  nipples  at  both  ends  (figure  7) . 

4.  TEST  SPECIMENS  AND  MATERIALS 

4 . 1 Field  Cores 

4.1.1  BNL  Direct  Shear  Bond  Test  Method 

Three  cores,  4 in.  in  diameter  by  approximately  5.5  in.  in 
length,  were  removed  from  the  shoulder,  right  wheel  path  and  left 
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wheel  path  from  each  of  10  bridges  being  evaluated  to  determine 
the  long-term  performance  of  the  bond  of  latex  modified  concrete 
overlays  [12].  Information  on  the  bridges  and  the  overlays  from 
which  the  30  cores  were  taken  is  shown  in  tables  1 and  2.  At  the 
time  of  the  evaluation,  which  was  done  in  1983,  the  overlays 
ranged  in  age  from  1 year  to  13  years.  The  average  thickness  of 
the  overlays  ranged  from  1.1  in.  to  1.9  in.  Two  overlays  were 
placed  on  base  concretes  that  had  never  been  placed  in  service 
(bridges  2 and  6,  table  1).  With  these  two  overlays,  the  base 
concretes  were  screeded,  cured  for  at  least  28  days,  and 
subsequently  sandblasted  and  water  soaked  at  least  1 hour  prior 
to  placing  overlays.  The  other  eight  overlays  were  placed  on 
base  concretes  that  had  been  in  service  between  13  and  22  years. 

The  base  concretes’  were  scarified  to  remove  at  least  0.5  in., 
sandblasted  and  water  soaked  at  least  1 hour  prior  to  placing 
overlays . 

4.1.2  IOWA  Direct  Shear  Bond  Test  Method 

v 

Table  3 lists  the  bond  strengths  of  4 in. -diameter  cores  of  3 
in. -thick  PCC  overlays  on  PCC  slabs  on  grade { pavements  ).  The  surface 
preparation  of  the  base  concrete  prior  to  placing  the  overlay 
consisted  of  grinding,  sandblasting,  and  the  application  of  grout 
(either  cement,  sand,  and  water,  or  cement  and  water) . 
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4.2  Laboratory  Testing 


4.2.1  Comparative  Test  Series  Is  Direct  Shear  Bond  Test  Methods 

Results  from  the  BNL  and  IOWA  direct  shear  bond  test  methods  were 
compared  by  conducting  concurrent  tests  with  the  same  laboratory- 
cast  PCC  overlay  materials.  The  tests  were  conducted  at  the  Iowa 
Department  of  Transportation  laboratories.  The  materials,  mixing 
and  curing  procedures  are  given  in  Appendix  A,  Section  Al. 
Concurrent  tests  were  performed  with  the  two  test  methods  using 
two  laboratory-prepared  overlay  materials:  a 1 Day-Old  PCC  and  a 
3 Day-Old  PCC.  It  is  noted  that  a large  value  (0.85,  table  Al) 
of  the  water/cement  ratio,  as  well  as  testing  at  early  age,  was 
used  for  the  PCC  overlay  material  in  order  to  investigate 
relatively  low  values  of  bond  strength. 

A BNL  direct  shear  bond  specimen  consisted  of  a 3 in.-  diameter 
by  approximately  1 in. -long  cylinder  of  overlay  material  bonded 
to  a 3 in. -diameter  by  approximately  2 to  4 in. -long  cylinder  of 
base  PCC. 

An  IOWA  direct  shear  bond  specimen  consisted  of  a 4 in.-  diameter 
by  approximately  2 in. -long  cylinder  of  overlay  material  bonded 
to  a 4 in. -diameter  by  approximately  2 in. -long  cylinder  of  base 
PCC. 
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4.2.2  Comparative  Test  Series  II:  BNL  Direct  Shear, 

Slant  Shear,  and  Uniaxial  Tension  Bond  Test  Methods 

Comparative  tests  were  performed  with  the  uniaxial  tension  and 
BNL  direct  shear  bond  test  methods  as  well  as  the  slant  shear  and 
BNL  direct  shear  bond  test  methods.  (The  rationale  for  performing 
these  is  given  in  Chapter  1.)  Concurrent  tests  were  performed 
with  the  three  test  methods  using  two  laboratory-prepared  overlay 
materials:  a 2 Day-Old  PCC  and  a 1 Day-Old  LMC.  The  materials, 

mixing  and  curing  procedures  are  given  in  Appendix  A,  Section  A2 . 
It  is  noted  that  a large  value  (0.85,  table  A2)  of  the 
water/cement  ratio,  as  well  as  testing  at  early  age,  was  used  for 
the  PCC  overlay  material  in  order  to  investigate  relatively  low 
values  of  bond  strength.  Similarly,  the  LMC  overlay  specimens 
were  tested  at  early  age  to  study  lower  values  of  bond  strength. 

4.2.3  BNL  Direct  Shear  Bond  Strength  versus  Overlay  Compressive 
Strength  (VTRC  Data) 

The  relationship  between  the  BNL  direct  shear  bond  strength  and 
the  corresponding  overlay  compressive  strength  for  PCC  and  LMC 
overlays  was  needed  for  developing  the  performance  criteria.  The 
relationship  was  investigated  by  testing  4 in.  diameter  BNL  bond 
and  compressive  strength  specimens  at  the  same  age  (the  ages  when 
the  bond  and  compression  specimens  were  tested  differed  by  no 
more  than  15  minutes)  at  the  VTRC.  The  thicknesses  of  the  PCC 
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overlay  and  its  base  concrete  were  2 in.  and  2.6  in., 
respectively.  Information  on  materials,  and  mixing  and  curing  is 
given  in  Appendix  A,  Section  A3  for  the  PCC  overlays  and  in 
reference  13  for  the  LMC  overlays. 

5.  TEST  RESULTS  AND  ANALYSIS 

5.1  Field  Cores 

5.1.1  BNL  Direct  Shear  Bond  Test  Method 

The  results  of  the  BNL  field  core  tests  are  shown  in  table  2 
[12],  The  data  show  that,  based  on  tests  of  three  cores  from 
each  bridge,  the  minimum  bond  strengths  for  each  bridge  ranged 
from  420  to  790  psi  and  the  average  bond  strengths  ranged  from 
530  to  930  psi.  Since  all  of  the  overlays  are  soundly  bonded  and 
performing  satisfactorily  it  can  be  concluded  that  the  values 
obtained  from  the  cores  are  adequate  for  good  performance. 

If  the  data  are  combined  for  the  three  bridges  (2,6,14  - table  1) 
with  an  average  daily  traffic  (ADT)  less  than  10,000,  it  is  found 
that  the  average  bond  strength  is  680  psi,  the  minimum  individual 
bond  strength  is  420  psi,  and  the  minimum  average  bond  strength 
for  3 tests  is  530  psi.  If  the  data  are  combined  for  the  seven 
bridges  (3,4,8,9,11,12,13)  with  an  ADT  greater  than  or  equal  to 
10,000,  the  average  bond  strength  is  710  psi,  the  minimum  individual 
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bond  strength  is  490  psi,  and  the  minimum  average  bond  strength  for 
three  tests  is  540  psi.  These  bond  strengths  are  typical  for 
latex-modified  concrete  overlays  that  are  providing  good  long- 
term bond  performance  but  do  not  preclude  the  possibility  that 
good  long-term  bond  performance  could  be  obtained  with  lower  bond 
strengths . 

Also,  as  can  be  seen  in  table  2,  in  most  cases  the  entries  for 
the  percentage  of  failure  for  the  base  concrete  were  greater  than 
the  corresponding  entries  for  the  LMC  overlay  and  also  for  the 
bond  plane.  This  apparent  failure  preference  in  the  base 
concrete  suggests  that  the  base  concrete  influenced  the 
variability  and  magnitude  of  the  bond  strength  more  than  either 
the  LMC  overlay  or  the  bond  plane. 

5.1.2  IOWA  Direct  Shear  Bond  Test  Method 

Table  3 lists  the  direct  shear  bond  strengths  of  the  field  cores 
tested  using  the  IOWA  test  method.  The  cores  were  taken  from  3 
in. -thick  overlays  which  had  been  cast  on  PCC  slabs  on  grade.  The 
average  bond  strengths  ranged  from  550  to  955  psi  and  the  minimum 
bond  strengths  ranged  from  297  to  509  psi.  As  indicated  in  table 
3 , the  ages  of  the  overlays  when  the  cores  were  tested  were  not 
available,  but  it  is  estimated  that  the  ages  of  most  of  the  cores 
were  less  than  or  equal  to  about  1 yr.  when  tested. 
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5.2  Laboratory-  and  Field-Cast  Specimens 


5.2.1  Comparative  Test  Series  I:  Direct  Shear  Bond  Testing 

Tables  4 and  5 list  the  bond  strength  and  the  location  and 
approximate  amount  of  the  failure  surface  from  the  bond  testing 
of  the  1 Day-Old  PCC  and  the  3 Day-Old  PCC  overlay  materials, 
respectively,  for  the  IOWA  and  BNL  direct  shear  bond  test  methods 
studied. 

5. 2. 1.1  Failure  Patterns 

The  approximate  percentages  of  the  failure  surface  area  which 
failed  in  the  overlay  material,  in  the  base  concrete,  or  on  the 
bond  plane,  are  given  in  columns  2,  3,  and  4,  in  tables  4 and  5. 
The  percentage  of  the  failure  surface  area  which  occurred  on  the 
bond  plane  was  further  distinguished  as:  (i)  a thin  layer  of 
overlay  material  which  adhered  on  the  base  concrete,  (ii)  a thin 
layer  of  base  concrete  which  adhered  on  the  overlay  material,  or 
(iii)  a "clean"  break,  where  neither  the  overlay  material  nor  the 
base  concrete  adhered  to  the  other.  Also,  in  some  cases  (see 
column  5) , the  failure  process  produced  a separate  piece  which 
contained  both  the  overlay  material  and  the  base  concrete  bonded 
together.  The  sum  of  columns  2,  3,  4,  and  5 is  100  percent. 

Because  the  determinations  of  the  percentages  of  the  failure 
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surface  area  were  estimated  visually,  they  are  approximate 
values.  Additional  approximation  occurred  when  determining 
whether  a layer  of  overlay  material  or  base  concrete  which  was 
adhered  on  the  bond  plane  should  be  treated  as  a "thin"  layer  on 
the  bond  plane  (column  4)  or  be  treated  as  a separate  material. 
For  example,  a "thin"  layer  of  overlay  material  on  the  bond  plane 
could  have  been  entered  either  in  column  4 with  an  "r" 
(designating  overlay  material)  or  in  column  2 as  a failure  in  the 
overlay  material.  (The  overlay  material,  however,  could  always 
be  distinguished  from  its  base  concrete) . Despite  these 
approximations,  it  was  considered  that  the  percentages  and 
locations  of  the  failure  surfaces  provided  a good  basis  for 
analyzing  the  failure  trends. 

As  shown  in  tables  4 and  5,  in  most  cases  the  failure  pattern  was 
in  the  overlay  material,  with  at  least  75  percent  of  the  failure 
occurring  in  the  overlay  material.  This  failure  pattern  was  as 
expected,  since  the  average  compressive  strengths  of  the  1-Day 
Old  and  3-Day  Old  PCC  overlay  materials  (900  and  1690  psi, 
respectively,  table  Al,  Appendix  A)  were  substantially  lower  than 
that  of  the  base  concrete  (6500  psi) . 

The  importance  of  failure  patterns  in  the  interpretation  of  the 
variability  and  magnitude  of  the  bond  strength  is  given  in 
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reference  4 . 


5. 2. 1.2  Precision  and  Magnitude  of  the  Bond  Strength 

The  average  and  coefficient  of  variation  values  of  the  bond 
strength  for  the  two  test  methods,  the  two  overlay  materials,  and 
the  two  surface  preparations  are  given  in  table  6.  The  bond 
strengths  of  the  IOWA  and  BNL  test  methods  were  computed  by 
dividing  the  failure  load  by  the  shear  cross-sectional  area 
(12.57  in.2  for  IOWA  and  7.07  in2  for  BNL  test  methods). 

5. 2. 1.2.1  Effect  of  Age  at  Testing 

The  effect  of  the  specimen  age  at  testing  on  bond  strength  is 
shown  in  figure  8 for  the  IOWA  and  BNL  test  methods.  Based  on 
the  slopes  of  the  least  squares  linear  fitted  lines  and  as 
expected,  there  appears  to  be  a trend  of  increasing  bond  strength 
with  increasing  age  with  the  1 Day-Old  PCC  overlay  material.  A 
similar  trend  was  not  evident  for  the  3 Day-Old  PCC  overlay 
material . 

When  comparing  the  precision  and  magnitude  of  the  shear  bond 
strength  obtained  from  the  two  test  methods  (Sections  5.2. 1.2.2 
and  5. 2. 1.2. 3),  the  effect  of  differences  in  specimen  age  at 
testing  was  not  considered  significant  because  the  specimens  for 
both  test  methods  were  tested  in  approximately  the  same  time 
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span,  and  therefore  were  tested  at  approximately  the  same  age. 

That  is,  with  the  same  surface  preparation  and  for  the  1 Day-Old 
PCC  overlay  material,  the  difference  in  age  was  (a)  10  minutes  or 
less  for  the  first  (initial)  IOWA  and  BNL  specimens  tested  and 
(b)  36  minutes  or  less  for  the  last  IOWA  and  BNL  specimens 
tested.  With  the  same  test  method,  the  surface  preparation  was 
alternated  (e.g.,  specimen  with  a sandblasted  surface  tested 
first,  a specimen  with  a sawn  surface  tested  next,  etc.) 

5. 2. 1.2. 2.  Precision  of  the  Test  Methods 

It  was  considered  inappropriate  to  use  the  standard  deviation  to 
measure  the  precision  (repeatibility)  because  of  the  relatively 
large  differences  in  the  averages  of  the  IOWA  compared  with  the 
BNL  direct  shear  bond  tests  for  a given  overlay  material  (table 
6) . Rather,  the  coefficient  of  variation  ( = (standard 
deviation/average) xlOO) , which  is  a measure  of  precision  adjusted 
for  the  magnitude  of  the  average,  was  used  as  a measure  of  the 
relative  precision. 

With  each  of  the  four  overlay  material-surface  preparation 
combinations,  the  coefficient  of  variation  value  of  the  BNL  test 
method  was  always  less  than  that  of  the  IOWA  test  method  (table  6) . 
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This  trend,  though  not  statistically  significant15,  suggests 
that  the  relative  precision  of  the  BNL  test  method  was  better 
than  that  of  the  IOWA  test  method.  There  did  not  appear  to  be  a 
significant  difference  in  the  coefficient  of  variation  of  the 
sawn  compared  with  the  sandblasted  surfaces  for  the  same  overlay 
material  and  test  type. 


5. 2. 1.2. 3 Magnitude  of  the  Bond  Strength 


Based  on  the  values  in  tables  4 to  6,  values  of  the  "t,,c 
statistic  and  also  the  ratio  of  the  BNL  to  IOWA  bond  strengths 
are  given  in  table  7.  With  each  of  the  four  overlay  material- 
surface  preparation  combinations,  the  BNL  average  bond  strength 
exceeded  the  corresponding  IOWA  average  bond  strength.  This 
difference  between  average  bond  strengths  for  the  BNL  and  IOWA 
test  methods  was  considered  statistically  significant  for  "t" 
values  of  about  3 or  more  and  occurred  in  two  of  the  four  overlay 
material-surface  preparation  combinations  (table  7) . This 
apparent  trend  of  the  BNL  bond  strength  exceeding  the  IOWA  bond 
strength  was  attributed  primarily  to  the  different  test 
geometries  of  the  two  test  methods  (see  Chapter  3). 


b In  this  study,  the  difference  in  the  coefficient  of 
variation  values  from  two  samples  (1  and  2)  was  considered  to  be 
statistically  significant  if  the  test  statistic,  z,  given  by  Sach 
[15]  (z  = |Vi-V2|  / ( (V^/2n1)  + (vf/2n2)  ) 1/2;  V = coefficient  of 
variation  and  n = sample  size)  was  3 or  greater.  Use  of  Sach's 
test  statistic  was  an  approximation  because  it  is  for  "sample 
sizes  not  too  small  (n1;n2  > 30)"  (compared  to  the  sample  sizes 
of  8 or  9 of  this  study)  and  it  was  assumed  that  the  test 
statistic  is  normally  distributed. 

c "t"  statistic  values  calculated  from  Natrella,  reference 
16,  page  3-23. 
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5.2. 1.3  Relationship  Between  IOWA  and  BNL  Test  Results 

The  relationship  of  the  average  bond  strengths  given  in  table  6 
for  the  two  methods  is  shown  in  figure  9.  With  one  exception, 
each  average  in  table  6 is  based  on  8 replications  (see  table  6) . 
These  laboratory-based  average  bond  strength  values  (figure  9)  in 
table  6 are  lower  than  the  lowest  field-based  average  bond 
strength  values  for  both  the  BNL  and  the  IOWA  test  methods 
(tables  2 and  3) . To  compare  the  laboratory-based  results  at 
strength  levels  closer  to  the  lowest  field-based  averages, 
another  set  of  larger  averages,  based  on  the  highest  2d  (out  of 
8)  bond  strength  values,  were  also  used.  These  larger  averages, 
denoted  by  "high  2",  are  shown  in  figure  9,  along  with  the 
average  values  based  on  8 replications.  As  evident  in  figure  9, 
the  straight  lines  fitted  through  the  averages  based  on  8 
replications  and  on  the  "high  2"  almost  overlap,  indicating  that 
the  relationship  between  the  test  results  appears  to  be  the  same 
using  either  approach. 


With  the  1-Day  Old  PCC  specimens  and  for  the  same 
surface  preparation,  the  age  at  testing  may  have  affected  the 
results,  since  the  age  at  testing  of  the  highest  BNL  bond 
strength  value  exceeded  the  age  at  testing  of  the  highest  IOWA 
bond  strength  value  by  about  3/4  hour,  and  the  age  of  testing  of 
the  next  highest  BNL  bond  strength  value  exceeded  the  age  at 
testing  of  the  next  highest  IOWA  bond  strength  value  by  about  1 
hour.  (These  differences  in  age  at  testing  applied  to  both 
surface  preparations.). 
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Based  on  figure  9,  for  the  PCC  overlay  materials,  bond  strengths, 
surface  preparations,  and  specimen  geometries  investigated,  the 
bond  strength  of  the  BNL  test  method  was,  on  the  average,  about 
75  psi  larger  than  the  IOWA  bond  strength,  when  the  BNL  bond 
strength  ranged  from  about  240  to  400  psi  (based  on  averages  for 
8 replicates) . It  should  be  noted  that  the  comparative  testing 
was  conducted  for  low  strength  PCC  overlays  (average  BNL  bond 
strengths  of  about  240  to  400  psi,  based  on  8 replicates,  with 
corresponding  average  overlay  compressive  strengths  of  about  900 
psi  (1  Day-Old  PCC)  to  1700  psi  (3  Day-Old  PCC) , respectively) . 
Therefore,  for  low  strength  PCC  overlays,  it  appears  reasonable 
to  assume  that  a similar  trend  (figure  9)  should  occur  for  bond 
strength  results  of  field  cores  of  PCC  overlay  materials  for  the 
two  test  methods.  Further  data  are  needed,  however,  to  verify 
that  the  relationship  in  figure  9 holds  for  higher  strength 
overlays  (e.g.,  3000  to  5000  psi  compressive  strength). 

5.2.2  Comparative  Test  Series  II:  BNL  Direct  Shear,  Slant  Shear, 
and  Uniaxial  Tension 

The  Comparative  Test  Series  II  consisted  of  a laboratory-based 
comparison  of  the  uniaxial  tension  and  BNL  bond  strength  results 
and  also  a similiar  comparison  of  the  slant  shear  and  BNL  bond 
strength  results.  The  laboratory  based-comparisons,  while  useful 
in  the  future,  were  considered  insufficient  using  the  current 
information  to  develop  performance  criteria  based  on  the  uniaxial 
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tension  or  slant  shear  test  methods  for  the  following  reason. 
There  is  no  field-core  data  on  the  performance  of  overlays  using 
the  uniaxial  tension  test  method  nor  using  the  slant  shear  test 
method  (it  is  not  practical  to  obtain  and  test  field  cores  in  the 
slant  shear  configuration)  . Data  which  directly  link  field 
performance  with  laboratory  test  results  are  considered  necessary 
to  develop  performance  criteria. 

The  laboratory-based  comparison  of  the  uniaxial  tension  and  BNL 
bond  test  results,  when  combined  with  field  performance 
information  and  additional  laboratory  data®,  should  be  useful  in 
the  future  development  of  performance  criteria  for  the  uniaxial 
tension  bond  test  method. 

Although  it  is  difficult  to  obtain  field  performance  information 
using  the  slant  shear  configuration,  the  slant  shear  bond  test 
method  still  has  the  potential  to  provide  useful  information  (see 
Appendix  B,  Section  B2.4). 

Appendix  B provides  the  results  and  comparisons  obtained  from 
Comparative  Test  Series  II. 


See  Footnote  "n"  in  Section  7.1. 


5.2.3  Relationships  of  BNL  Direct  Shear  Bond  Strength  to 
Compressive  Strength 

Figure  10  shows  the  relationship  between  the  BNL  direct  shear 
bond  strength  and  the  compressive  strength  of  the  overlay  material 
for  compressive  strengths  equal  to  or  in  excess  of  1500  psi  for 
laboratory-  and  field-cast  specimens.  Results  based  on 
Comparative  Test  Series  I and  II  are  shown  in  figure  10.  Also 
shown  in  figure  10  are  the  VTRC  dataf  (see  table  8 and  Section 
4.2.3)  for  PCC  overlays.  Data  from  two  other  studies  [13,17], 
including  a high-early  strength  LMC  overlay  [13],  are  also  shown 
in  figure  10. 

With  the  data  from  Comparative  Test  Series  I and  II  shown  in 
figure  10,  it  must  be  realized  that  the  failure  mode  of  the  PCC 
and  LMC  overlays  differed  and  two  surface  preparations  were  used 
(sawn  and  sandblasted) . The  failure  mode  of  the  3 Day-Old  PCC 
overlay  material  was  primarily  through  the  overlay  while  the 
failure  mode  of  the  1 Day-  Old  LMC  was  primarily  on  the  bond 
plane. 

Information  on  the  failure  mode  was  not  available  for  the  VTRC 


f The  effects  of  curing  temperature  and  the  addition  of 
calcium  chloride  (see  table  8)  on  the  bond  and  compressive 
strengths  were  not  considered  in  this  report.  The  data  from 
table  8 and  shown  in  figure  10,  however,  were  considered  to 
provide  relevant  information  regarding  the  relationship  between 
bond  and  compressive  strength. 
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overlay  data  (table  8,  figure  10),  but  it  was  believed  that  for 
most  of  the  data,  the  failure  occurred  either  in  the  PCC  overlay 
or  at  the  bond  plane.  This  assumption  regarding  the  failure  mode 
appears  reasonable,  since  most  of  the  tests  were  conducted  at 
early  ages  when  the  strength  of  the  overlay  was  much  less  than 
that  of  the  base  concrete. 

Data  from  the  on-going  NIST  study  [17]  were  for  1 in.  thick  PCC 
and  LMC  overlays,  where  the  surfaces  of  3 inch  diameter  specimens 
were  sawn  and  for  which  failures  were  primarily  on  the  bond 
plane. 

Data  from  reference  13  were  based  on  4 in.  diameter  specimens  and 
were  for  a high-early  strength  LMC  overlay,  which  was  2 in. 
thick.  The  mortar  fraction  of  the  overlay  was  brushed  onto  the 
sawn  surface  of  the  base  concrete  prior  to  placing  the  overlay  on 
the  base  concrete.  The  28-day  compressive  strength  of  the  base 
PCC  was  5450  psi.  Although  specific  information  on  the  failure 
modes  for  the  specimens  in  reference  13  was  not  available,  it  is 
believed  that  for  most  of  specimens,  failure  occurred  either  on 
the  bond  plane  or  in  the  overlay  material.  This  assumption 
regarding  the  failure  mode  appears  reasonable,  since  most  of  the 
tests  were  conducted  at  early  ages  when  the  strength  of  the 
overlay  was  much  less  than  that  of  the  base  concrete. 

Four  least-squares  linear  regression  lines  were  fitted  to  the 
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data  in  figure  10  and  were  labelled  "l"  to  "4".  Line  "1"  was 
fitted  to  all  NIST  data  for  PCC  overlays  (table  5 and  reference 
17)  . Line  "2"  was  fitted  to  the  VTRC  data  for  PCC  overlays 
(table  8) . Line  "3"  was  fitted  to  the  NIST  data  for  LMC  overlays 
(table  B2  and  reference  17) . Line  "4M  was  fitted  to  the  VTRC, 
high-early  strength,  LMC  overlay  data  [13]. 

The  relationships  in  figure  10  are  approximate  due  to 
inconsistencies,  including  differences  in  the  failure  mode  of  the 
specimens  tested  using  the  BNL  bond  test  method.  Another 
inconsistency  occurred  with  the  bond  strength  data  corresponding 
to  compressive  strengths  in  excess  of  about  4750  psi.  In  this 
case,  it  is  possible  that  the  failure  mode  included  failure  in 
the  base  concrete,  meaning  that  the  base  concrete  compressive 
strength  might  be  correlated  with  the  bond  strength  (rather  than 
the  overlay  compressive  strength  being  correlated  with  the  bond 
strength) . However,  for  most  of  the  data  for  which  the  overlay 
compressive  strength  exceeded  4750  psi,  the  compressive  strength 
of  the  overlay  was  less  than  or  about  the  same  as  that  of  the 
base  concrete,  indicating  that  there  was  a good  chance  that  the 
failure  did  not  occur  predominantly  in  the  base  concrete8. 

Despite  these  inconsistencies,  figure  10  provides  an  indication 


8 In  one  of  the  cases  where  the  compressive  strength  of  the 
overlay  exceeded  that  of  the  base  concrete  by  about  700  psi,  an 
average  value  (5795  psi)  of  the  compressive  stengths  of  the  base 
concrete  and  the  overlay  was  used  to  plot  with  the  bond  strength 
(620  psi) . 
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of  the  relationship  between  the  direct  shear  bond  strength  and 
the  compressive  strength  of  the  overlay  for  the  overlays 
investigated. 


CHAPTER  6 DEVELOPMENT  OF  PRELIMINARY  PERFORMANCE  CRITERIA 

6 . 1 Background 

The  direct  shear  bond  test  method  was  investigated  as  a 
performance  test  for  developing  performance  criteria  because 
field  cores  from  overlays  on  pavements  and  bridge  decks  had  been 
tested  using  this  method.  Some  of  the  overlays  on  the  pavements 
and  bridge  decks  were  considered  to  have  performed 
satisfactorily.  The  performance  of  these  overlays  is  summarized 
below. 

6.1.1  PCC  Bonded  Overlays 

Hutchinson  [3]  thoroughly  reviewed  the  performance  of  bonded  PCC 
resurf acings,  including  bond  strength  data  from  many  overlays. 
Hutchinson's  review  included  both  "guillotine"  (e.g,  [12,18])  and 
the  Iowa  Department  of  Transportation  [14]  direct  shear  bond  test 
methods.  With  regard  to  bond  strength  of  field  cores  taken  from 
projects  constructed  before  1976,  he  stated  that  the  data 
"indicate  a wide  range  of  bond  strengths,  from  0 to  750  psi,  with 
the  strength  being  somewhat  dependent  on  the  type  of  surface 


27 


preparation  and  the  bonding  procedure  used".  He  summarized11  the 
various  surface  preparation  and  bonding  procedures  and  their 
range  in  average  bond  strengths  as  follows: 

(i)  swept  or  broom  scrubbed  - 84  to  330  psi 

(ii)  scarified  followed  by  sweeping  and/or  air  blasting  - 259  to 
565  psi 

(iii)  acid  etching,  either  alone  or  in  combination  with 
scarification  - 332  to  496  psi. 

Hutchinson  stated  that,  since  1976,  "surface  preparation  has 
consisted  primarily  of  some  combination  of  scarification  by 
milling  equipment,  sandblasting,  and  high-pressure  water 

blasting In  general,  the  bond  strength  obtained  by  the 

methods  used  since  1976  have  exceeded  that  obtained  by  the 
methods  used  on  earlier  projects.  All  the  methods  used,  with  the 
possible  exception  of  sweeping  alone,  have  usually  produced  bond 
strengths  exceeding  the  value  of  200  psi  that  was  suggested  by 
Felt  [19]  as  being  adequate  and  that  has  become  a generally 
accepted  value  for  selection  and  design  of  the  bonding  medium". 
With  regard  to  the  "200  psi"  reference  value,  Felt  stated:  "The 
laboratory  data  and  field  work  indicate  that  bond  strengths,  as 
determined  by  a shear  test,  may  frequently  be  400  psi  or  more, 
but  that  strengths  of  200  psi  or  even  less  may  be  adequate." 

h The  reader  is  referred  to  Table  A-9  [3]  for  additional 
bond  strength  data.  It  appears  that  most,  or  perhaps  all,  of  the 
bond  strengths  in  Table  A9  [3]  were  obtained  using  direct  shear 
bond  test  methods. 
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Similarly,  Gillette  [18]  stated  "Cores  obtained  from  projects 
using  various  methods  of  surface  preparation  indicate  that  a bond 
strength  of  200  psi  is  adequate  and  that  when  such  bond  is 
obtained,  it  will  endure."  Both  Felt1  and  Gillette  used 
guillotine-type  direct  shear  test  methods  which  were  somewhat 
similar. 

Thus,  the  authors  of  the  current  report  have  interpreted  the 
usage  of  200  psi  to  be  a lower  limit  for  the  bond  strength  based 
on  direct  shear  test  methods.  That  is,  if  200  psi  were  chosen  as 
a performance  criterion,  the  bond  strength  of  every  specimen 
tested  would  need  to  equal  or  exceed  200  psi.  Note  that  the 
actual  performance  criteria  chosen  in  the  current  report  for  the 
lower  limit  (see  Section  6.3.3,  table  10)  ranged  from  200  to  260 
psi. 


6.1.2  LMC  Bonded  Overlays 

Sprinkel  used  the  BNL  direct  shear  test  on  LMC  bridge  overlay 
cores  [12,13].  The  results  [12]  are  given  in  Sections  4.1.1  and 
5.1.1. 


1 From  reference  19,  it  appeared  that  a direct  shear  test 
method  was  used  for  the  laboratory  and  field  testing. 
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6.2  Selection  of  a Direct  Shear  Bond  Performance  Test  Method 

The  BNL  direct  shear  bond  test  method  was  selected  as  the 
performance  test  method  and  was  preferred  over  the  IOWA  direct 
shear  bond  test  method  because: 

(i)  with  the  overlay  materials  and  surface  preparations  studied, 
the  relative  precision,  as  measured  by  the  coefficient  of 
variation  was,  for  the  BNL  test  method,  in  all  cases  possibly 
better0  compared  with  the  IOWA  test  method;  and 

(ii)  the  BNL  test  method  was  considered  easier  to  perform. 

6.2.1  Limitations  of  BNL  Direct  Shear  Test  Method 

A limitation  of  the  BNL  bond  strength  results  is  that  field  cores 
with  PCC  overlay  materials  were  not  tested  (only  field  cores  of 
LMC  overlays  on  bridge  decks  were  tested)  . The  laboratory  results 
(Section  5. 2. 1.3),  however,  showed  that  for  the  PCC  overlay 
materials  and  test  conditions  investigated,  the  bond  strength  of 
the  BNL  test  method  was,  on  the  average,  about  75  psi  larger  than 
the  IOWA  bond  strength,  when  the  BNL  bond  strength  ranged  from 
about  240  to  400  psi  (based  on  averages  for  8 replicates) . It 
should  be  noted  that  the  comparative  testing  was  conducted  for 
low  strength  PCC  overlays  (average  BNL  bond  strengths  of  about 


J The  relative  precision  was  "possibly  better"  because  of 
the  trend  of  lower,  though  not  statistically  significant, 
coefficient  of  variation  values  for  the  BNL  compared  with  the 
IOWA  test  methods  (see  Section  5. 2. 1.2. 2). 
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240  to  400  psi,  based  on  8 replicates,  with  corresponding  average 
overlay  compressive  strengths  of  about  900  to  1700  psi, 
respectively) . Therefore,  for  low  strength  PCC  overlays,  it 
appears  reasonable  to  assume  that  a similar  trend  (figure  9) 
should  occur  for  bond  strength  results  of  field  cores  of  PCC 
overlay  materials  for  the  two  test  methods.  Further  data  are 
needed,  however,  to  verify  that  the  relationship  in  figure  9 
holds  for  higher  strength  overlays  (e.g.,  3000  to  5000  psi 
compressive  strength) . 

The  coefficient  of  variation  (CV)  values  for  the  BNL  direct  shear 
bond  test  method  were  relatively  high  in  most  cases  for  both  the 
field  cores  and  laboratory-cast  specimens.  For  example,  with  the 
field  cores  in  table  2,  the  CV  values  ranged  from  19  to  32 
percent  in  6 of  the  10  data  sets.  Similarly,  with  the 
laboratory-cast  specimens  in  tables  4,  5,  Bl,  and  B2 , the  CV 
values  ranged  from  13  to  29  percent,  with  5 of  the  8 values  being 
18.5  percent  or  greater.  Increased  CV  values  most  likely 
occurred  in  those  cases  where  there  were  effects  of  age  at 
testing  (see  Sections  5. 2. 1.2.1  and  B2.1).  It  is  believed, 
however,  that  the  variations  due  to  the  test  method  and  materials 
are  still  relatively  large. 

In  the  NIST  on-going  study  (reference  17) , the  CV  values  were  17 
and  24  percent  for  two  data  sets  of  7 replicates  of  PCC  overlays 
on  a PCC  base  and  15  percent  for  one  data  set  of  5 replicates  of 
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a LMC  overlay  on  a PCC  base  (averages  shown  in  figure  10) . It  is 
noted  that  the  effect  of  age  at  testing  was  not  significant  in 
the  BNL  bond  tests  in  reference  17  and  yet  the  CV  values  were 
still  relatively  large. 

The  relatively  large  CV  values  imply  that  the  BNL  test  method  is 
relatively  imprecise.  The  implications  of  this  imprecision  with 
regard  to  performance  criteria  are  discussed  in  Section  6. 3. 4. 2. 
Although  the  limitation  of  imprecision  exists,  the  BNL  test 
method  is  still  considered  to  be  the  best  available  performance 
bond  test  method  because  (i)  field  performance  data  are  only 
available  for  the  direct  shear  bond  test  methods,  and  (ii)  the 
relative  precision  of  the  BNL  direct  shear  bond  test  method  was 
possibly  better*  compared  with  the  IOWA  direct  shear  test  method 
and  was  considered  easier  to  perform. 

6.3  Development  of  Preliminary  Performance  Criteria  for  the  BNL 
Test  Method 

6.3.1  Data  Based  on  Field  Cores 

In  developing  performance  criteria,  direct  shear  bond  strength 
results  from  field  cores  were  considered  to  be  the  most  important 


k The  relative  precision  was  "possibly  better"  because  of 
the  trend  of  lower,  though  not  statistically  significant, 
coefficient  of  variation  values  for  the  BNL  test  method  compared 
with  the  IOWA  test  method  (see  Section  5. 2. 1.2. 2). 


32 


information  source.  Table  9 contains  a summary  of  the  bond 
strength  results  from  field  cores  tested  using  the  BNL  and  IOWA 
test  methods.  As  shown  in  the  table,  the  lowest  minimum  values 
of  420  and  300  psi  were  obtained  with  the  BNL  and  IOWA  test 
methods,  repectively.  The  lowest  average  values  were  530  and  550 
psi  for  the  BNL  and  IOWA  test  methods,  respectively.  The  IOWA 
test  method  had  a larger  deviation  between  its  lowest  average 
(550  psi)  and  lowest  minimum  value  (300  psi)  compared  with 
respective  values  from  the  BNL  test  method  (530  and  420  psi) . 

This  is  believed  due  to  a higher  variability  of  the  IOWA  compared 
with  the  BNL  test  method  (see  Section  5. 2. 1.2. 2).  These  lowest 
minimum  and  lowest  average  values  appear  larger  than  the  values 
discussed  by  Felt  [19]:  "The  laboratory  data  and  field  work 
indicate  that  bond  strengths,  as  determined  by  a shear  test,  may 
frequently  be  400  psi  or  more,  but  that  strengths  of  200  psi  or 
even  less  may  be  adequate."  The  apparent  differences  between  the 
field  core  results  in  table  9 and  Felt's  values  are  believed  to 
be  caused,  at  least  in  part,  by  differences  in  overlay  materials, 
surface  preparation,  strength  of  base  concrete,  placement 
procedures,  curing,  geometry  of  test  setup,  and  load  rate. 

6.3.2  Data  Based  on  Laboratory-  and  Field-Cast  Specimens 

Additional  information  on  bond  strength  values  can  be  obtained 
from  figure  10,  where  the  relationship  between  the  BNL  bond 
strength  and  compressive  strength  of  overlays  is  shown.  (See 
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section  5.2.3  for  details). 


In  figure  10,  the  data  and  their  fitted  lines  show  that  there  is 
an  apparent  increase  in  bond  strength  as  the  compressive  strength 
of  the  overlay  increases.  The  slopes  of  the  fitted  lines  in 
figure  10  show  that  there  appears  to  be  a larger  increase  in  bond 
strength  per  increase  in  compressive  strength  for  LMC  overlays 
than  for  PCC  overlays.  Also,  with  the  NIST  data  above  about  2500 
psi  compressive  strength,  the  bond  strength  of  the  LMC  exceeded 
that  of  the  PCC  overlays,  when  comparing  at  the  same  compressive 
strength  and  using  the  fitted  lines.  Similarly,  with  the  VTRC 
data  above  about  3250  psi  compressive  strength,  the  bond 
strength  of  the  LMC  exceeded  that  of  the  PCC  overlays. 

Because  of  the  apparent  increase  in  bond  strength  with  increasing 
overlay  compressive  strength,  performance  criteria  were 
formulated  in  terms  of  a specified  bond  strength  and  a 
corresponding  overlay  compressive  strength. 

6.3.3  Recommended  Preliminary  Performance  Criteria 

Based  on  the  field  core  results  in  table  9 and  the  bond  strength- 
compressive  strength  relationships  given  in  figure  10, 
preliminary  performance  criteria  are  given  in  table  10.  The 
criteria  specify  the  use  of  only  laboratory-cast  specimens.  The 
BNL  direct  shear  bond  test  method  is  to  be  used  to  determine  bond 


34 


strength  (see  Section  3.1.1)  and  ASTM  C39  [20]  used  to  determine 
the  compressive  strength.  The  criteria  are  intended  for 
screening  and  selecting  PCC  and  LMC  materials  to  be  overlaid  on 
PCC  pavements  and  PCC  bridge  decks  subjected  to  normal  civilian 
truck  and  automobile  traffic.  The  criteria  are  not  intended  for 
aircraft  or  for  heavy-weight  or  other  unusual  vehicles. 

In  developing  the  criteria,  it  was  assumed  that  an  overlay  with  a 
higher  bond  strength  and  compressive  strength  would  provide 
better  performance  and  a longer  service  life,  provided  that  the 
base  concrete  is  of  comparable  strength.  The  use  of  Class  I is 
restricted  to  when  the  compressive  strength  of  the  base  concrete 
on  which  the  overlay  is  placed  in  the  field  is  between  3000  and 
3500  psi.  Classes  II  and  III  can  be  specified  to  meet  higher 
performance  levels.  For  example,  Class  III  could  be  specified 
for  a bridge  deck  overlay,  which  may  be  more  critical  in  terms  of 
the  consequences  of  failure  than  an  overlay  on  a pavement  on 
grade,  for  which  Class  II  could  be  specified. 

Special  consideration  should  be  given  when  the  compressive 
strength  of  the  base  concrete  on  which  the  overlay  is  placed  in 
the  field  is  less  than  the  compressive  strength  of  the  overlay. 

In  this  case,  the  BNL  test  specimen  may  fail  in  the  base 
concrete,  at  a bond  strength  less  than  the  bond  strength 
levels  required  in  table  10. 
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For  each  class,  required  bond  strength  levels  are  given  in  terms 
of  both  the  "minimum"  and  "average"  of  8 replicates  (tested  with 
the  same  overlay  material  and  base  concrete,  surface  preparation, 
placement  procedures,  curing,  test  method,  etc.)*  The  "minimum" 
level  requires  that  7 of  the  8 replicate  bond  strength  values 
must  equal  or  exceed  the  level  listed  (200,  230,  or  260  psi) 
while  the  "average"  level  requires  that  the  average  of  the  8 
tests  must  equal  or  exceed  the  level  listed  (325,  375  or  425 
psi).  (Even  if  a bond  strength  is  less  than  the  "minimum"  level, 
it  must  be  included  when  computing  the  average  value) . Both  the 
"minimum"  and  the  "average"  requirements  must  be  satisfied. 

Further  details  on  table  10  are  given  at  the  end  of  Section  6. 3. 3.1. 

6. 3. 3.1  Selection  and  Discussion  of  Performance  Criteria 

Based  on  the  field  core  results  (table  9)  and  the  laboratory 
results  in  figure  10,  the  325,  375,  and  425  psi  values  appear 
reasonable  as  estimates  of  acceptable  lower  limits  for  average 
BNL  direct  shear  bond  strengths  for  PCC  and  LMC  overlays  having 
the  minimum  compressive  strengths  shown  in  table  10.  The  425  psi 
value  is  more  than  100  psi  below  the  lower  average  values  of  530 
psi  for  LMC  field  cores,  tested  using  the  BNL  test  method,  and 
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550  psi  for  the  PCC  field  cores,  tested  using  the  IOWA1  test 
method  (table  9) . Similarly,  at  a value  of  compressive  strength 
of  5000  psi,  the  425  psi  value  is  about  100  psi  less  than  the 
fitted  line  (Line  "2") , which  is  an  estimate  of  the  average  bond 
strength  based  on  VTRC  laboratory-prepared  PCC  overlay  specimens. 

The  choice  of  lower  limits  for  the  "average"  values  (325,  375, 
and  425  psi) , which  are  lower  than  those  predicted  by  fitted  Line 
"2",  is  believed  justified  because  of  the  additional  requirement 
of  "minimum"  bond  strength  values  (200,  230,  and  260  psi),  which 
are  intended  to  reduce  the  liklihood  of  overlay  material  with 
unacceptably  low  quality. 

Further,  it  should  be  noted  that,  with  one  exception,  each  data 
point  on  which  fitted  Line  "2"  was  based  represents  an  average  of 
2 bond  strength  replicates  (figure  10) . Data  points  from  the 
same  population  as  the  data  represented  by  fitted  Line  "2",  but 
based  on  an  average  of  8 bond  strength  replicates  (as  required  in 
table  10) , should  move  closer  to  fitted  Line  "2"  in  the  bond 
strength  (vertical)  direction,  assuming  that  the  position  of 
fitted  Line  "2"  does  not  change  substantially  when  the  number  of 
replicates  is  increased  from  2 to  8.  Therefore,  provided  this 
assumption  is  valid,  data  points  from  the  same  population  as  the 

1 Note  that  there  may  be  some  difference  between  the  BNL 
and  the  IOWA  bond  strength  test  results.  Comparative  data  were 
obtained  only  for  low  strength  concrete  (900  to  1700  psi 
compressive  strength  - see  Section  5. 2. 1.3  and  figure  9). 
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data  represented  by  fitted  Line  "2"  and  based  on  an  average  of  8 
bond  strength  replicates  should  more  likely  exceed  the  "average" 
limits  (325,  375,  and  425  psi,  table  10)  than  data  based  on  an 
average  of  only  2 replicates  (figure  10) . In  the  above 
discussion,  it  was  assumed  that  the  position  of  fitted  Line  "2" 
would  not  change  substantially  when  the  number  of  replicates 
increased  from  2 to  8 . If  the  position  of  fitted  Line  "2"  did 
change  substantially,  then  data  based  on  an  average  of  8 
replicates  may  or  may  not  more  likely  exceed  the  "average"  limits 
compared  with  data  based  on  an  average  of  2 replicates,  depending 
on  the  new  position  of  fitted  Line  "2".  It  is  further  noted  that 
fitted  Line  "2"  in  figure  10  is  based  only  on  laboratory  tests  of 
PCC  overlay  material  and  that  the  relationship  of  the  line  to 
field  performance  has  not  been  established. 

Based  on  fitted  Lines  "2"  and  "4"  for  the  VTRC  data  with 
compressive  strengths  exceeding  about  3250  psi,  the  bond  strength 
values  for  the  LMC  exceeded  those  for  PCC  overlays  (figure  10) . 
Hence,  for  Classes  II  and  III,  lower  compressive  strengths  were 
selected  for  LMC  compared  with  PCC  overlays. 

For  a given  class,  the  specified  "minimum"  values  (200,  230,  and 
260  psi)  correspond  to  a deviation  of  about  2.0  standard 
deviation  units  below  the  "average"  values  (325,  375,  and  425 
psi),  assuming  a CV  value  of  20  percent  (see  Section  6.2.1).  For 
example,  for  an  "average"  bond  strength  of  325  psi,  the 
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corresponding  assumed  standard  deviation  is  65  psi  and  the  value 
of  bond  strength  corresponding  to  a deviation  of  2.0  standard 
deviations  below  the  average  is  195  psi  (=  325  - (2.0) (65)).  The 
195  psi  value  was  rounded  off  to  200  psi.  The  200  psi  "minimum" 
value  also  agrees  well  with  the  200  psi  value  discussed  in 
Section  6.1.1. 

The  "minimum"  value  of  200  psi,  which  corresponds  to  3000  psi 
compressive  strength  (Class  I) , appears  reasonable  when  compared 
to: 

(i)  the  14  of  the  16  bond  strength  values  (from  8 sets  of  2 
replicates)  which  exceeded  200  psi  for  average  PCC  overlay 
compressive  strengths  between  2510  and  2950  psi  (table  8) , and 

(ii)  minimum  bond  strength  values  of  270  psi  (from  10  replicates, 
sandblasted  surfaces) , and  287  psi  (from  10  replicates,  sawn 
surfaces) , which  occurred  with  the  1 Day-Old  LMC  overlay  (table 
B2 ) with  the  corresponding  LMC  overlay  compressive  strength  of 
2260  psi  (table  A2) . 

v 

The  "minimum"  value  of  230  psi,  which  corresponds  to  3750  (LMC) 
to  4000  (PCC)  psi  compressive  strength  (Class  II) , appears 
reasonable  when  compared  to: 

(i)  the  280  psi  minimum  bond  strength  value  (from  10  sets  of  2 
replicates)  which  occurred  with  PCC  overlay  compressive  strengths 
ranging  from  3110  to  3860  psi  (table  8) , and 

(ii)  the  minimum  bond  strengths  were  354  psi  (from  7 replicates, 
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sawn  surfaces)  and  365  psi  (from  7 replicates,  sawn  surfaces)  for 
PCC  overlays  with  compressive  strengths  of  3540  and  4040  psi, 
respectively  [17]. 

Similarly,  the  "minimum"  value  of  260  psi,  which  corresponds  to 
4250  (LMC)  to  5000  (PCC)  psi  compressive  strength  (Class  III) , 
appears  reasonable  when  compared  to: 

(i)  7 of  the  8 bond  strength  values  (from  4 sets  of  2 replicates) 
which  equalled  or  exceeded  260  psi  and  which  occurred  with  PCC 
overlay  compressive  strengths  ranging  from  4020  to  5000  psi 
(table  8) , 

(ii)  the  minimum  bond  strength  value  of  631  psi  (from  5 
replicates,  sawn  surfaces)  which  occurred  with  a LMC  overlay  with 
a compressive  strength  of  4770  psi  (base  concrete  had  a 
compressive  strength  of  4610  psi)  [17],  and 

(iii)  the  minimum  bond  stength  values  of  300  and  420  psi  for  the 
field  core  data  for  the  IOWA  and  BNL  test  methods,  respectively 
(table  9) . 

The  requirement  that  7 of  the  8 bond  strength  replicates  equal  or 
exceed  the  "minimum"  values  is  intended  to  account  for  the 
occurrence,  from  time  to  time,  of  specimens  with  very  low  bond 
strength.  This  requirement  may  need  to  be  modified  as  additonal 
data  are  obtained. 

It  must  be  kept  in  mind  that  the  "minimum"  and  "average"  bond  and 
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compressive  strength  values  given  in  table  10  are  considered  to 
be  lower  limits  and  that  overlay  materials  with  bond  and 
compressive  strengths  higher  than  those  in  Class  III  may  occur. 

A load  rate  of  6000  lbf/min.  was  selected,  representing  a value 
between  the  NIST  laboratory  rate  (1100  to  1200  lbf/min.  used  in 
the  Comparative  Test  Series  I and  II,  and  about  6000  lbf/min. 
used  in  reference  17)  and  the  rate  used  by  the  VTRC  (10000 
lbf/min.,  Section  3.1.1). 

The  footnotes  in  table  10  treat  the  details  of  specimen 
preparation,  maximum  aggregate  size,  geometry,  curing,  testing, 
replicates,  interpretation  of  results,  etc. 

The  base  concrete  surface  on  which  the  overlay  is  cast  was 
specified  to  be  a sawn  surface,  obtained  with  a water-cooled  saw. 
The  sawn  surface  was  specified  because  most  of  the  laboratory- 
cast  bond  specimens  used  in  developing  the  performance  criteria 
had  sawn  surfaces  (figure  10)  and  sawn  surfaces  should  help  in 
providing  a uniform  bond  surface. 

The  failure  location  (in  overlay,  on  bond  plane,  or  in  the  base 
concrete  or  a combination  of  these)  and  the  percentage  of  failure 
surface  area  occurring  in  the  bond  specimens  should  be  recorded 
(e.g.,  see  Section  5. 2. 1.1  and  table  4).  This  information  on  the 
location  and  amount  of  failure  is  useful  in  interpreting  the 
magnitude  and  variability  of  the  bond  strength  results  (see 
reference  4 for  further  details) . 
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Table  10  specifies  that  the  bond  strength  specimens  must  be 
prepared  and  tested  with  overlay  material,  base  concrete,  base 
concrete  surface  moisture,  grouting  material  (if  used) , placement 
procedures,  curing  time,  and  curing  conditions  (moisture, 
temperature,  etc.)  that  are  similar  to  those  of  the  field  overlay 
installation  to  be  put  into  service  (see  discussion  later  in  this 
section) . The  intent  is  that  the  strengths  of  the  base  concrete, 
bond  interface,  and  overlay  concrete  of  the  laboratory-cast 
specimens  simulate  as  closely  as  possible  the  strengths  of  the 
base  concrete,  bond  interface,  and  overlay  concrete  of 
the  field  overlay  when  it  is  subjected  to  traffic.  Table  10 
specifies  that  the  average  compressive  strength  of  laboratory- 
cast  overlay  material  must  be  based  on  at  least  three  specimens 
tested  at  the  same  age  and  cured  under  the  same  conditions 
( moisture,  temperature,  etc.)  as  the  BNL  bond  test  specimens. 

The  average  overlay  compressive  strength  must  equal  or  exceed  the 
value  listed  in  table  10.  The  compression  specimens  are  to  be 
cast  from  the  same  batch  of  overlay  concrete  as  used  to  cast  the 
bond  specimens. 

Special  consideration  needs  to  be  given  to  the  case  when  traffic 
is  permitted  on  an  overlay  at  early  ages  when  the  bond  and 
compressive  strengths  are  below  the  required  levels  in  table  10, 
with  the  development  of  the  required  bond  and  overlay  compressive 
strengths  occurring  at  a later  age.  The  potential  damage  to  the 
overlay  caused  by  traffic  loading  at  early  ages  (before  the 
development  of  the  required  bond  and  compressive  strengths  in 
table  10)  would  need  to  be  considered. 
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Although  beyond  the  scope  of  this  report,  information  on  the 
proper  design  (overlay  thickness,  cases  when  bonded  overlays  can 
be  used,  etc.)  and  construction  practices  (surface  preparation, 
moisture  condition  of  base  concrete,  use  of  grout,  etc.)  for 
bonded  concrete  overlays  needs  to  be  considered  when  screening 
and  selecting  overlay  materials  and  installing  overlays  in  the 
field  (e.g.,  see  references  3,  22,  23  and  24).  For  example, 
construction  practices  (surface  cleaning;  removal  of  deteriorated 
or  contaminated  material?  moisture  condition  of  base  concrete, 
such  as  dry  or  damp  (e.g.,  wet  but  without  puddles  of  water);  use 
of  grout,  etc.)  will  affect  the  quality  of  the  bond  of  the 
overlay  to  the  base  concrete  (e.g., see  references  3,  22,  and  24). 

Application  of  the  criteria  in  table  10  for  evaluating  new  or 
existing  overlay  installations  using  field  cores  is  not 
recommended  because:  (i)  of  the  very  limited  number  of  field 
cores  for  LMC  overlays  tested  using  the  BNL  direct  shear  bond 
test  method,  and  (ii)  field  cores  for  PCC  overlays  have  not  been 
tested  using  the  BNL  direct  shear  bond  test  method.  Of  key 
importance  is  the  determination  of  the  minimum  level  of  bond 
strength  which  will  provide  adequate  performance  over  a specified 
sevice  lifetime. 

6.3.4  Limitations  of  Performance  Criteria 
6 . 3 . 4 . 1 Limited  Field  and  Laboratory  Data 

Very  limited  field  and  laboratory  data  bases  were  used  to  develop 
the  preliminary  performance  criteria  in  table  10.  The  criteria 
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will  most  likely  need  to  be  modified  as  additional  field 
performance  results  and  laboratory  data  are  obtained  as  discussed 
in  the  following. 

The  bond  strength  values  of  field  cores  are  based  on  very  limited 
data  from  overlays  on  pavements  (table  3)  and  bridge  decks  (table 
2)  which  were  considered  to  have  performed  satisfactorily.  The 
data  in  tables  2 and  3 represent  a limited  number  of  field  cores, 
reflecting  limited  service  conditions  of  temperature,  moisture, 
wheel  loading,  etc.  In  addition,  there  were  no  field  core 
results  for  PCC  overlays  tested  with  the  BNL  method. 

Bond  strength  values  lower  than  those  given  in  tables  2 and  3 may 
also  give  satisfactory  performance  for  the  service  conditions 
under  which  the  data  were  obtained.  Additional  field  performance 
data  would  be  needed  to  determine  if  lower  values  would  provide 
satisfactory  performance. 

The  laboratory-based  information  in  Figure  10  is  somewhat 
limited,  especially  for  (i)  LMC  bond  strengths  and  for  (ii)  PCC 
and  LMC  bond  strengths  at  higher  strengths  (compressive  strengths 
of  5000  to  6000  psi) . 

The  criteria  need  to  be  assessed  with  regard  to  repeatability 
within,  and  reproducibility  among  laboratories,  using  a 
statistically  designed  experiment  and  round-robin  testing. 
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6. 3. 4. 2 Imprecision 


The  relatively  large  CV  values  (Section  6.2.1)  of  the  BNL  direct 
shear  bond  test  method  can  result  in  two  types  of  error  with 
regard  to  the  sample  average.  The  first  type  of  error  occurs 
when  the  sample  average  is  above  the  specified  "average"  bond 
strength  given  in  table  10,  but  the  actual  population  average  is 
below  the  specified  "average"  bond  strength.  That  is,  supposedly 
the  criteria  were  met  by  the  potential  overlay  material  when,  in 
fact,  the  criteria  were  not  met.  For  example,  if  the  population 
average  of  an  overlay  material  is  375  psi  and  using  an  assumed  CV 
value  of  20  percent,  there  is  about  a 5 percent  chance  that  the 
average  of  a sample  of  8 replicates  will  exceed  425  psi,  the 
specified  "average"  bond  strength  for  Class  III. 

The  second  type  of  error  occurs  when  the  sample  average  is  below 
the  specified  "average"  bond  strength  (table  10)  but  the 
population  average  is  above  the  specified  "average"  bond 
strength;  that  is,  supposedly  the  criteria  were  not  met  by  the 
potential  overlay  material  when,  in  fact,  the  criteria  were  met. 
For  example,  if  the  population  average  of  an  overlay  material  is 
475  psi  and  using  an  assumed  CV  value  of  20  percent,  then  there 
is  about  a 9 percent  chance  that  the  average  of  a sample  of  8 
replicates  will  fall  below  425  psi,  the  specified  "average"  bond 
strength  for  Class  III. 
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Figures  11,  12  and  13  show  the  probability  for  a making  these  two 
types  of  errors,  for  a sample  size  of  8,  and  assuming  a "t" 
distribution10.  The  specified  "average"  bond  strength  values  in 
table  10  of  325,  375,  and  425  psi  correspond  to  figures  11,  12, 
and  13,  respectively.  Probability  curves  are  shown  for  three 
assumed  CV  values  of  10,  20,  and  30  percent  (estimate  of  the 
population  standard  deviation  assumed  to  be  10,  20,  and  30 
percent  of  the  population  average) . In  the  figures,  the 
probability  of  misclassif ication  refers  to  either  the  probability 
of  supposedly  meeting  the  criteria  when,  in  fact,  the  criteria 
were  not  met,  or  supposedly  not  meeting  the  criteria  when,  in 
fact,  the  criteria  were  met.  As  shown  in  the  figures,  the 
probability  of  misclassif ication  increases  rapidly  as  the 
population  average  gets  close  to  the  specified  "average"  bond 
strength,  with  the  maximum  probability  for  each  error  type  equal 
to  50  percent  at  the  specified  "average"  bond  strength. 

For  a given  population  standard  deviation,  the  probability  of 
misclassif icaton  can  be  reduced  by  increasing  the  sample  size. 

For  example,  from  figure  13  and  assuming  a population  average  of 
385  psi  and  a CV  value  of  20  percent,  the  probability  of 


m The  "t"  statistic,  with  n-1  (8-1  = 7)  degrees  of  freedom, 
was  used:  t = (x  - u)/(s/Vn  ),  where  x = sample  average  based  on 
n (=8)  replicates,  u = population  average,  and  s = estimate  of 
population  standard  deviation,  derived  from  the  sample,  here 
assumed  to  be  10,  20,  or  30  percent  of  the  population  average. 
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supposedly  meeting  the  criteria  (425  psi)  when,  in  fact,  the 
criteria  were  not  met  is  about  9 percent,  based  on  8 replicates. 
If  the  sample  size  were  increased  to  12  or  16  and  using  the  same 
assumptions,  the  probability  of  supposedly  meeting  the  criteria 
when,  in  fact,  the  criteria  were  not  met  would  decrease  from  9 to 
5.0  and  2.8  percent,  respectively. 

The  probability  of  misclassif ication  can  also  be  reduced  by  an 
improvement  in  the  precision  of  the  test  method.  For  example, 
reductions  in  the  probability  of  misclassif ication  can  be  seen  in 
figures  11  to  13  by  comparing  curves  based  on  the  higher  CV 
values  of  20  and  30  percent  (reduced  precision)  to  that  of  a 
lower  CV  value  of  10  percent  (improved  precision) . Assuming  that 
CV  values  of  20  to  30  percent  are  more  representative  than  10 
percent  for  the  BNL  test  method  (see  Section  6.2.1),  the  need  is 
seen  to  develop  performance  criteria  based  on  another  bond  test 
method  having  improved  precision  relative  to  the  BNL  test  method. 
One  test  method  with  potentially  better  precision  than  the  BNL 
test  method  is  the  uniaxial  tension  bond  test  method  (Section 
B2.2)  . 

In  Section  6. 3. 3.1,  a CV  value  of  20  percent  for  the  BNL  direct 
shear  bond  test  (Section  6.2.1)  was  assumed  and  used  in 
determining  the  "minimum"  bond  strength  values  (200,  230,  and  260 
psi,  table  10) . The  "minimum"  values  correspond  to  a deviation 
of  about  2.0  standard  deviation  units  below  the  "average"  values 
(325,  375,  and  425  psi).  While  the  "minimum"  values  of  200,  230, 
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and  260  appear  reasonable  (Section  6. 3. 3.1),  the  use  of  different 
assumptions  (CV  value,  number  of  standard  deviations  below  the 
mean,  and  the  permitting  of  1 out  of  8 replicates  to  be  below  the 
"minimum"  value)  would  result  in  different  "minimum"  bond 
strength  criteria.  These  assumptions  and  their  corresponding 
"minimum"  values  may  need  to  be  modified  as  additional  field  and 
laboratory  data  become  available. 


7.  CONCLUSIONS  AND  RESEARCH  NEEDS 

7.1  Conclusions 

1.  Preliminary  performance  criteria  (table  10)  were  expressed  in 
terms  of  minimum  bond  strength  levels  using  the  BNL  direct  shear 
bond  ("guillotine")  test  method  and  corresponding  minimum 
compressive  strength  levels.  The  criteria  specify  the  use  of 
only  laboratory-cast  bond  and  compressive  strength  specimens. 

The  criteria  are  intended  for  screening  and  selecting  PCC  and  LMC 
materials  to  be  overlaid  on  PCC  pavements  and  PCC  bridge  decks 
subjected  to  normal  civilian  truck  and  automobile  traffic.  The 
criteria  are  not  intended  for  aircraft  or  for  heavy-weight  or 
other  unusual  vehicles.  The  criteria  are  preliminary  for  the 
following  reasons. 

(i)  The  criteria  are  based  on  very  limited  field-  and  laboratory- 
based  bond  strengths.  For  example,  there  were  no  field  cores  of 
PCC  overlays  tested  using  the  BNL  test  method. 
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(ii)  The  criteria  should  be  verified  further  by  being  correlated 
with  the  field  performance  of  overlays  subjected  to  various 
service  conditons  (temperature,  moisture,  wheel  loading,  etc.). 

(iii)  The  criteria  need  to  be  assessed  with  regard  to 
repeatability  within,  and  reproducibility  among  laboratories. 

(iv)  The  effects  of  material  variables  (aggregate,  cement,  mix 
design,  etc.),  surface  preparation  and  moisture  condition  of  the 
base  concrete,  placement  procedures,  curing  conditions,  and 
curing  duration  on  the  criteria  need  to  be  evaluated. 

(v)  Bond  strength  values  lower  than  the  field  core  values  given 
in  table  2 may  also  give  satisfactory  performance  for  the  service 
conditions  under  which  the  data  were  taken.  Additional  field 
performance  data  are  needed  to  determine  if  lower  values  would 
provide  satisfactory  performance. 

Based  on  (i)  - (v)  above,  the  criteria  are  a starting  point  and 
should  be  evaluated  on  a trial  basis?  most  likely  the  criteria 
will  need  to  be  modified  as  additional  field  and  laboratory 
results  are  obtained. 

2.  A notable  limitation  of  the  BNL  direct  shear  bond  performance 
test  method  is  its  relatively  large  coefficient  of  variation 
values,  which  result  in  relatively  poor  precision.  The 


49 


implications  of  this  imprecision  with  regard  to  meeting  or  not 
meeting  the  criteria  for  a potential  overlay  material  are 
discussed  in  Section  6. 3. 4. 2.  Although  the  limitation  of 
imprecision  exists,  the  BNL  test  method  is  still  considered  to  be 
the  best  available  performance  bond  test  method  for  which  field 
performance  data  exist.  Consideration,  however,  should  be  given 
to  obtaining  field  performance  data  for  other  bond  test  methods 
with  potentially  better  precision,  such  as  the  uniaxial  tension 
bond  test  method  investigated  in  this  report. 

Consideration  should  also  be  given  to  the  ACI  503R  [21]  tensile 
pull-off  test  which  can  be  performed  both  in  the  field  and  in  the 
laboratory.  The  precision  of  bond  testing  using  a modificaton  of 
this  test  is  currently  being  evaluated  [17]. 

3 . A laboratory-based  comparison  was  made  between  the  results  for 
the  BNL  direct  shear  bond  and  the  uniaxial  tension  bond  test 
methods  for  relatively  low-strength  overlay  materials.  The 
comparison,  when  combined  with  field  performance  data  and 
additional  laboratory  data11,  should  be  useful  in  the  future 
development  of  performance  criteria  for  the  uniaxial  tension  bond 
test  method. 

A laboratory-based  comparison  was  also  made  between  the  results 


n The  reader  is  referred  to  the  ongoing  NIST  investigation 
[ 17 ] , which  includes  BNL  direct  shear  bond  strengths  and 
uniaxial  tension  bond  strengths  for  overlay  materials  with 
compressive  strengths  of  about  3500  to  4800  psi. 
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for  the  BNL  direct  shear  bond  and  the  slant  shear  bond  test 
methods  for  relatively  low  strength  overlay  materials.  Because  it 
is  difficult  to  obtain  and  test  field  cores  in  the  slant  shear 
configuration,  it  would  be  difficult  to  develop  field-based 
performance  criteria  for  the  slant  shear  test  method.  However, 
the  fraction  of  the  strength  of  the  slant  shear  composite 
specimen  (overlay  and  base  concrete)  relative  to  that  of  the  base 
concrete  has  the  potential  to  provide  useful  auxiliary  bond 
information,  which  could  be  used  in  conjunction  with  performance 
criteria  based  on  another  bond  test  method. 

4.  The  three  types  of  bond  test  methods  investigated  (direct 
shear,  slant  shear,  and  uniaxial  tension)  resulted  in 
substantially  different  bond  strengths.  These  differences  in 
bond  strengths  emphasized  the  need  to  use  bond  test  method (s) 
with  stress  conditions  similar  to  those  anticipated  for  the  in- 
service  overlay  material. 

7.2  Research  Needed  for  Improving  the  Preliminary  Performance 
Criteria 

1.  Because  of  the  very  limited  data  on  which  the  criteria  are 
based,  the  criteria  should  be  evaluated  on  a trial  basis. 

The  criteria  need  to  be  assessed  with  regard  to  repeatability 
within,  and  reproducibility  among  laboratories,  using  a 
statistically  designed  experiment  and  round-robin  testing. 
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Additional  field  performance  data  are  needed  to  evaluate  the 
effects  of  different  service  conditions  (temperature,  moisture, 
wheel  loading,  etc.)/  material  variables  (aggregate  type  and 
maximum  size,  cement,  mix  design,  etc.),  surface  preparation  and 
moisture  condition  of  the  base  concrete,  placement  procedures, 
curing  conditions,  and  curing  duration  on  the  BNL  bond  strength 
values.  For  example,  field  performance  information  for  PCC  overlay 
cores  tested  using  the  BNL  test  method  are  needed. 

Performance  criteria  need  to  be  developed  to  cover  the  case  when 
traffic  is  to  be  permitted  on  an  overlay  at  early  ages  when  the 
bond  and  compressive  strengths  of  the  overlay  are  below  the 
required  levels  in  table  10,  with  the  development  of  the  required 
bond  and  overlay  strengths  occurring  at  a later  age. 

Additional  performance  data  based  on  field  cores  using  the  BNL 
test  method  are  needed  to  determine  if  bond  strength  values  lower 
than  those  in  table  2 would  provide  satisfactory  performance 
under  the  service  conditions  (temperature,  moisture,  wheel 
loading  etc.),  for  which  the  data  were  obtained. 

Most  likely  the  preliminary  criteria  in  table  10  will  need  to  be 
modified  as  additional  field  performance  results  and  laboratory 
data  and  experience  are  obtained  using  the  BNL  bond  test  method. 
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2.  Based  on  field-performance  data  (e.g.,  see  1.  immediately 
above) , criteria  for  the  evaluation  of  new  and  existing  overlays 
based  on  the  bond  strength  of  field  cores  needs  to  be  developed. 
Of  key  importance  is  the  determination  of  the  minimum  bond 
strength  that  will  result  in  satisfactory  performance  of  the 
overlay  over  the  required  lifetime. 

3.  Because  of  the  relatively  poor  precision  of  the  BNL  test 
method,  consideration  should  be  given  to  obtaining  field 
performance  data  and  laboratory  data0  for  other  bond  test  methods 
with  potentially  better  precision,  such  as  the  uniaxial  tension 
bond  test  method  investigated  in  this  report. 

Consideration  should  also  be  given  to  the  ACI  503R  [21]  tensile 
pull-off  test  which  can  be  performed  both  in  the  field  and  in  the 
laboratory.  If  the  precision  of  a modification  of  this  test 
method,  which  is  currently  being  evaluated  [17],  is  acceptable, 
then  field  performance  information  would  need  to  be  obtained. 

Based  on  field  performance  data  and  laboratory  results, 
performance  criteria  based  on  the  uniaxial  tension  bond  test 
method  or  the  ACI  503R  pull-off  bond  test  method  or  a combination 
of  the  test  methods  could  be  developed. 


See  footnote  "n"  in  Section  7.1. 
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4 . The  development  of  performance  criteria  requiring  minimum  bond 
strength  levels  for  specimens  which  have  been  previously  exposed 
to  various  test  conditions  (temperature  cycling,  moisture 
cycling,  wheel  loading  etc.)  needs  to  be  investigated.  The  test 
conditions  chosen  should  simulate,  in  so  far  as  possible,  the 
anticipated  sevice  conditions  of  the  overlay  installation. 
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APPENDIX  A.  MATERIALS,  MIXING,  AND  CURING  PROCEDURES  USED  IN 
LABORATORY  TESTING 

Al.  Comparative  Test  Series  I:  Direct  Shear  Bond  Tests  (BNL  and 
IOWA) 

The  mix  proportions  of  base  concrete  and  overlay  materials  tested 
are  given  in  table  Al.  A nominal  1/2  in.  maximum  size,  crushed 
dolomitic  limestone5  aggregate  (100  percent  passing  a 1/2  in. 
sieve  and  approximately  9 percent  retained  on  a 3/8  in.  sieve) 
was  used  in  both  the  base  PCC  and  the  overlay  material . A 
concrete  sand  with  a fineness  modulus  of  about  2.6  and  ASTM  Type 
I Portland  cement  were  used  in  both  the  base  PCC  and  overlay 
materials . 

Al.l  Base  Concrete 

After  casting,  the  specimens  of  base  concrete  were  covered  with 
plastic  sheeting,  stripped  at  1 day  of.  age,  immersed  in  lime- 
saturated  water  for  23  to  27  days,  and  then  air  dried  until 
tested.  The  base  concrete  cylinders  were  sawn  at  90°  to  their 
longitudinal  axis  to  a thickness  of  about  2 in. , using  a water- 
cooled,  diamond  saw  blade.  Some  of  the  sawn  surfaces  were 
lightly  sandblasted.  The  sawn  or  sandblasted  sections  were 


p As  reported  by  the  supplier. 
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placed  in  either  a 3 or  4 in.  diameter  plastic  cylinder  mold 
(type  used  for  molding  concrete  but  had  been  trimmed) . Prior  to 
casting  overlay  material  on  the  base  concrete,  all  sawn  surfaces 
were  sanded  using  sandpaper  and  then  wiped  with  a damp  towel  to 
remove  any  debris  and  all  surfaces  (sandblasted  and  sawn)  were 
airblasted  with  dry,  oil-free  air. 

A1.2  Bond  Test  Specimens 

Immediately  prior  to  casting  the  overlay  materials  (1  Day-Old  PCC 
and  the  3 Day-Old  PCC)  onto  the  sawn  or  sandblasted  surface  of 
the  base  concrete,  a thin  layer  of  the  mortar  fraction  from  the 
overlay  material  was  applied  to  the  base  concrete  surface  with  a 
brush.  With  specimens  from  the  IOWA  test  method,  a thickness  of 
approximately  2 in.  of  overlay  material  was  cast  in  two  layers 
and  with  specimens  from  the  BNL  test  method,  a thickness  of 
approximately  1 in.  of  overlay  material  was  placed  in  one  layer. 
In  all  cases,  each  layer  was  rodded.  All  specimens  were  tapped 
on  the  sides  of  the  molds  as  necessary  for  further  consolidation. 
After  casting,  the  overlay  materials  were  covered  with  plastic 
sheeting  and  then  stripped  at  one  day  of  age.  Specimens  which 
were  tested  at  one  day  of  age  were  air  dried  for  about  1/2  to  3 
hr.  prior  to  testing.  Specimens  to  be  tested  at  three  days  of 
age  were  placed  in  sealed  plastic  bags  until  testing  and  were  air 
dried  for  about  1/2  hr.  prior  to  testing. 
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All  base  concrete  and  overlay  materials  were  cast  and  cured  at 
room  temperature.  The  ages  of  the  base  concrete  and  overlay 
materials  when  they  were  tested  are  given  in  tables  4 and  5. 

A2 . Comparative  Test  Series  II:  BNL  Direct  Shear,  Slant  Shear, 
and  Uniaxial  Tension  Bond  Test  Methods 

The  mix  proportions  of  base  concrete  and  overlay  materials  tested 
are  given  in  table  A2 . The  aggregates  and  their  gradations  and 
cement  type  were  the  same  as  those  used  for  the  comparative 
testing  of  the  two  direct  shear  tests  (Section  A1  above) . In  the 
LMC  overlay  material,  a styrene-butadiene  polymer  emulsion 
(latex)  manufactured  by  Dow  Chemical  was  used  in  which  the 
polymer  comprised  about  48  percent  by  weight  of  the  total 
emulsion. 

A2 . 1 Base  Concrete 

After  casting,  the  specimens  of  base  concrete  were  covered  with 
plastic  sheeting,  stripped  at  1 day  of  age,  immersed  in  lime- 
saturated  water  for  27  days,  and  then  air  dried  until  tested.  The 
base  concrete  was  sawn  to  the  required  geometry  (either  at  90°  or 
approximately  30°  to  the  cylinder’s  longitudinal  axis)  using  a 
water-cooled,  diamond  saw  blade.  All  sawn  surfaces  were  sanded 
using  sandpaper  and  then  wiped  with  a damp  towel  to  remove  any 
debris.  Some  of  the  sawn  surfaces  were  lightly  sandblasted.  The 


60 


sawn  or  sandblasted  section  was  placed  in  either  a 3 in.- 
diameter  by  6 in. -long  plasti c cylinder  mold  (type  used  for 
molding  concrete  - special  trimming  procedures  were  used  for 
molds  for  the  BNL  direct  shear  specimens)  or  epoxied  in  a steel 
pipe  nipple. 

A2 . 2 Bond  Test  Specimens 

Immediately  prior  to  casting  the  PCC  to  be  tested  at  2 days  of 
age  (2  Day-Old  PCC)  onto  the  sawn  or  sandblasted  surface  of  the 
base  concrete,  a thin  layer  of  the  mortar  fraction  of  the  overlay 
material  was  applied  to  the  base  concrete  surface  with  a brush. 
Immediately  prior  to  placing  the  LMC  to  be  tested  at  1 day  of  age 
(1  Day-Old  LMC) , the  base  concrete  surface  was  first  dampened 
with  water  and  then  brushed  with  a thin  layer  of  the  mortar 
fraction  of  the  overlay  material.  The  1 in. -thick  overlay 
material  used  with  the  BNL  test  was  filled  in  one  layer.  All 
other  specimens  were  filled  in  three  layers.  Each  layer  was 
rodded  for  all  specimens.  All  specimens  were  tapped  on  the  sides 
of  the  molds  as  necessary  for  further  consolidation.  After 
casting,  the  overlay  materials  were  covered  with  plastic 
sheeting.  Specimens  which  were  tested  at  1 day  of  age  were 
stripped  at  1 day  of  age  and  air  dried  for  about  3 to  10  hours 
prior  to  testing.  Slant  shear  and  BNL  direct  shear  specimens  to 
be  tested  at  2 days  of  age  were  stripped  at  1 day  of  age  (air 
dried  during  the  stripping  operation  for  5 hours  or  less)  and 
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were  placed  in  plastic  bags.  About  10  to  30  minutes  prior  to 
testing,  the  2 Day-Old  PCC  slant  shear  and  BNL  direct  shear 
specimens  were  removed  from  their  plastic  bags  and  tested.  The 
plastic  sheeting  placed  on  the  uniaxial  tension  specimens 
remained  on  until  1 to  4 hours  before  being  tested  at  2 days  of 
age. 

All  base  concrete  and  overlay  materials  were  cast  and  cured  at 
room  temperature. 

A3 . BNL  Direct  Shear  Bond  Strength  versus  Compressive  Strength 
for  PCC  Overlays 

Tests  were  conducted  by  the  Virginia  Transportation  Research 
Council  (VTRC)  to  determine  the  relationship  between  the  BNL 
direct  shear  bond  strength  and  the  compressive  strength  (Section 
5.2.3,  table  8,  and  figure  10).  Type  II  cement  was  used  with  the 
base  concrete  while  Type  III  cement  was  used  with  the  overlay 
concrete.  The  28-day  compressive  strength  of  the  base  and 
overlay  concretes  were  5280  and  5590  psi,  respectively.  The 
coarse  aggregate  was  crushed,  with  a maximum  nominal  size  of  1/2 
in.  (100  percent  passing  the  1/2  in.  sieve) . No  grout  or  mortar 
fraction  was  applied  to  the  base  concrete  prior  to  placing  the 
PCC  overlay.  The  base  concrete  was  damp  ( wet  but  without  puddles 
of  water)  prior  to  placement  of  the  PCC  overlay.  Table  8 provides 
information  on  the  curing  temperature  and  the  addition  of  2 
percent  calcium  chloride  by  weight  of  the  cement  to  selected  batches. 
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APPENDIX  B RESULTS  AND  ANALYSIS  OF  COMPARATIVE  TEST  SERIES  II 

Bl.  Test  Results 

Tables  Bl  and  B2  list  the  bond  strength  and  the  location  and 
approximate  amount  of  the  failure  surface  from  the  bond  testing 
of  the  2 Day-Old  PCC  and  the  1 Day-Old  LMC  overlay  materials, 
respectively,  for  the  BNL,  uniaxial  tension,  and  slant  shear  bond 
test  methods  and  for  the  sawn  and  sandblasted  surfaces  studied. 
The  information  given  in  tables  Bl  and  B2  regarding  the  location 
and  amount  of  the  failure  surface  is  similar  to  that  used  in 
Comparative  Test  Series  I (Section  5. 2. 1.1). 

As  shown  in  table  Bl,  with  the  BNL  and  the  uniaxial  tension  test 
results,  the  failure  pattern  was  almost  always  in  the  overlay 
material,  with  at  least  90  percent  of  the  failure  occurring  in 
the  overlay  material.  This  failure  pattern  was  as  expected, 
since  the  average  compressive  strength  of  the  2 Day-Old  PCC 
overlay  material  (1.04  ksi,  table  A2)  was  substantially  lower 
than  that  of  the  base  concrete  (7.1  ksi).  With  the  slant  shear 
test  results,  the  failure  surface  occurred  both  in  the  overlay 
material  and  on  the  bond  plane  ("clean") . Again,  this  appears 
reasonable  due  to  the  difference  in  strength  between  the  overlay 
material  and  its  base  concrete  and  also  to  the  possible 
preferential  failure  on  the  bond  plane  in  the  slant  shear  test. 
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As  shown  in  table  B2 , with  one  exception  (uniaxial  tension, 
sandblasted  surfaces) , the  failure  mode  for  the  1 Day-Old  LMC  was 
predominantly  a "clean"  failure  on  the  bond  plane. 

With  one  exception  (uniaxial  tension  with  1 Day-Old  LMC) , the 
failure  pattern  did  not  appear  to  be  affected  by  the  surface 
preparation  for  the  same  test  method  and  overlay  material  (tables 
B1  and  B2 ) . 

B2 . Analyses  of  Test  Results 

B2 . 1 Effect  of  Age  at  Testing 

The  effect  of  specimen  age  at  testing  on  bond  strength  for  the 
test  methods  is  shown  in  figures  B1  and  B2  for  the  2 Day-Old  PCC 
and  1 Day-Old  LMC  overlay  materials,  respectively. 

With  the  2 Day-Old  PCC  overlay  material  and  for  both  surface 
preparations,  there  appeared  to  be  a trend  of  increasing  bond 
strength  as  the  age  at  testing  increased  for  the  BNL  test  method 
(figure  B1  (a)).  As  shown  in  figure  B1  (c) , there  appeared  to  be 
a trend  of  increasing  bond  strength  as  the  age  at  testing 
increased  for  the  slant  shear  shear  test  method  with  sawn 
surfaces,  but  not  with  sandblasted  surfaces.  Because  the  range 
in  specimen  age  at  testing  for  the  2 Day-Old  PCC  overlay  tested 
with  the  uniaxial  tension  test  method  (figure  Bl(b))  was  shorter 
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compared  with  the  other  two  test  methods,  it  was  not  clear  if 
there  was  an  aging  effect. 

With  the  1 Day-Old  LMC  overlay  material  and  for  both  surface 
preparations,  there  appeared  to  be  a trend  of  increasing  bond 
strength  with  age  of  testing  for  the  three  test  methods  (figure 
B2 ) . An  exception  was  the  sawn  surface  preparation  for  the  BNL 
test  method,  where  there  was  no  apparent  age  effect  (figure  B2 
(a))  . 

When  comparing  the  results  of  any  two  test  methods,  the  effect  of 
test  age  was  taken  into  account  by  comparing  specimens  tested  at 
approximately  the  same  age.  Table  B3  lists  the  twelve  possible 
comparisons.  Each  comparison  number  (Nos.  1 to  12)  consists  of 
the  pair  of  test  methods  being  compared  with  the  same  surface 
preparation  and  overlay  material.  Within  each  comparison  there 
are  two  lines  - one  line  for  each  of  the  two  methods  being 
compared.  In  each  comparison,  specimens  from  each  of  the  two 
methods  being  compared  were  selected  so  that  the  specimens  were 
tested  in  approximately  the  same  time  span,  and  therefore  were 
tested  at  approximately  the  same  age.  These  test  age  values  are 
referred  to  as  age-adjusted  test  age  values.  In  addition  and 
shown  in  parentheses,  are  entries  for  the  test  age  based  on  the 
complete  data  set  (that  is,  without  removing  specimens  to  obtain 
comparable  ages) . If  no  parenthetical  values  are  listed  in  a 
line,  then  no  data  were  removed  and  the  age-adjusted  test  age 
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values  were  the  same  as  those  for  the  complete  data  set. 

In  table  B3 , when  comparing  the  age-adjusted  test  ages  between 
two  test  methods  (same  comparison  number) , the  maximum  difference 
between  the  ages  of  the  first  specimens  tested  was  40  minutes  and 
the  maximum  difference  between  the  ages  of  the  last  specimens 
tested  was  also  40  minutes.  These  differences  in  age  at  testing 
were  not  considered  to  have  substantially  affected  the 
comparisons . 

Included  in  table  B3  are  the  number  of  replications  and  the 
average  and  coefficient  of  variation  values  for  the  bond  strength 
based  on  those  specimens  which  were  tested  at  approximately  the 
same  age.  Unless  otherwise  stated,  these  age-adjusted  average 
and  coefficient  of  variation  values  were  used  in  the  comparisons 
in  this  report.  (Also  included  in  each  line  are  entries  for  the 
number  of  replications  and  the  average  and  coefficient  of 
variation  values  for  the  bond  strength  based  on  the  complete  data 
set  (that  is,  without  removing  specimens  to  obtain  comparable 
ages) . If  no  parenthetical  values  are  listed  in  a line,  then  no 
data  were  removed  and  the  age-adjusted  values  were  the  same  as 
those  for  the  complete  data  set.  See  footnote  "a",  table  B3 . ) 

B2 . 2 Precision  of  the  Test  Methods 

As  in  the  case  of  the  analysis  given  in  Section  5. 2. 1.2. 2,  it  was 
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considered  inappropriate  to  use  the  standard  deviation  to  measure 
the  precision  (repeatability  about  a given  base  line)  because  of 
the  relatively  large  differences  in  the  averages  of  the  results 
for  the  three  test  methods  (table  B3) . Rather,  the  coefficient 
of  variation  (= (standard  deviation/average) xlOO) , which  is  a 
measure  of  precision  adjusted  for  the  magnitude  of  the  average, 
was  used  as  a measure  of  the  relative  precision. 

The  coefficient  of  variation  values  of  the  uniaxial  tension  and 
the  slant  shear  test  methods  were  less  than  that  of  the  BNL  test 
method  in  6 of  the  8 comparisons  (table  B3  - Comparison  Nos.  1 to 
8 ) . This  trend,  though  not  statistically  signif icantg,  suggests 
that  the  relative  precision  of  the  uniaxial  tension  and  the  slant 
shear  test  methods  may  be  better  than  that  of  the  BNL  test 
method. 

B2 . 3 Bond-Strength  Comparisons 

There  were  substantial  differences  in  uDond  strength  when 
comparing  the  test  methods  (Comparison  Nos.  1 to  12,  table  B3) , 
which  were  attributed  primarily  to  their  different  test 
geometries . 


Based  on  the  approximation  using  Sach's  test  statistic 
[15]  as  given  in  footnote  "b”  in  Section  5. 2. 1.2. 2,  only 
Comparison  No.  8 was  considered  statistically  significant. 
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The  bond  strength  comparisons  given  in  table  B3 , when  combined 
with  field-performance  data,  should  be  useful  in  the  future 
development  of  performance  criteria  based  on  the  uniaxial  tension 
bond  test  method. 

It  should  be  noted  that  all  the  bond  strength  comparisons  in 
table  B3  are  for  relatively  weak  overlay  concrete,  with 
compressive  stengths  of  about  1000  and  2300  psi  (table  A2) . 
Additional  data  would  be  needed  to  establish  comparisons  at 
higher  concrete  strengths. 

B2 . 4 Ratio  of  Slant  Shear  Bond  Strength  to  Compressive 
Strength  of  Base  Concrete 

Values  of  the  ratio  of  the  slant  shear  average  bond  strength1 
(computed  by  dividing  the  failure  load  by  7.07  in.2,  tables  B1 
and  B2)  to  that  of  the  compressive  strength  of  the  base  concrete 
(6700  to  7100  psi,  table  A2)  were  0.17  for  the  2 Day-Old  PCC  and 
both  surface  preparations  and  0.24  (sawn  surface)  and  0.27 
(sandblasted  surface)  for  the  1 Day-Old  LMC.  This  ratio 
represents  the  fraction  of  the  strength  of  the  slant  shear 
composite  specimen  (overlay  material  and  base  concrete)  relative 
to  the  compressive  strength  of  the  base  concrete.  The  low  ratio 


r Average  bond  strengths  were  based  on  the  complete  data 
sets  given  in  tables  B1  and.B2  (i.e.,  the  age-adjusted  results  in 
table  B3  were  not  used) . 
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values  in  this  study  reflect  the  relatively  low  strength  of  the 
overlay  material  (water/cement  ratio  of  0.85  for  the  2 Day-Old 
PCC  and  corresponding  2 day-  and  28  day-old  compressive 
strengths  of  1040  and  2260  psi,  respectively)  and  also  the  early 
age  of  testing  (either  at  1 day  (LMC)  or  2 days  (PCC) . 

As  the  strength  of  the  slant  shear  composite  specimen  approaches 
that  of  the  base  concrete,  the  value  of  the  ratio  should  approach 
unity.  If  the  base  concrete  strength  is  desired  to  be  the  basis 
for  comparison,  a selected  ratio  value  could  provide  auxiliary 
bond  information,  which  could  be  used  in  conjunction  with 
performance  criteria  based  on  another  bond  test  method. 

As  discussed  earlier,  it  is  difficult  to  obtain  and  test  field 
cores  in  the  slant  shear  configuration.  Therefore,  it  would  be 
difficult  to  develop  field-based  performance  criteria  for  the 
slant  shear  method. 
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ADT  = average  daily  traffic 


Table  2 . 

BNL  Direct 

Shear  Bond  Strength 

Data  for 

LMC  Overlays  ( 

Shear  Bond 

Failure  Mode 

, % 

Shear  Sti 

Bridcre^ 

Str. . Dsi 

LMC 

Bond 

Base 

Base  Cone 

2A 

670 

50 

0 

50 

700 

2B 

420 

10 

0 

90 

790 

2C 

500 

30 

0 

70 

630 

2x 

530 

30 

0 

70 

710 

2s 

130 

— 

— 

— 

80 

2cv  (%) 

24 

11 

3A 

890 

0 

0 

100 

760 

3B 

670 

0 

0 

100 

690 

3C 

770 

30 

0 

70 

610 

3x 

780 

10 

0 

90 

690 

3s 

110 

— 

- 

— 

80 

3cv  (%) 

14 

11 

4A 

490 

20 

0 

80 



4B 

650 

80 

0 

20 

790 

4C 

930 

80 

0 

20 

610 

4x 

690 

60 

0 

40 

700 

4s 

220 

— 

- 

— 

130 

4CV  (%) 

32 

18 

6A 

750 

20 

30 

50 

700 

6B 

930 

0 

50 

50 

580 

6C 

1,110 

40 

40 

20 

680 

6x 

930 

20 

40 

40 

650 

6s 

180 

— 

— 

— 

60 

6cv  (%) 

19 

10 

8A 

760 

0 

0 

100 

700 

8B 

660 

10 

0 

90 

720 

8C 

510 

20 

30 

50 

540 

8x 

640 

10 

10 

80 

650 

8s 

130 

— 

— 

— 

100 

8CV  (%) 

20 

15 

9A 

890 

10 

0 

90 

690 

9B 

790 

10 

0 

90 

810 

9C 

790 

10 

60 

30 

790 

9x 

820 

10 

20 

70 

760 

9s 

60 

— 

— 

— 

60 

9cv  (%) 

7.0 

8 

11A 

760 

30 

0 

70 

730 

11B 

750 

10 

0 

90 

770 

11C 

780 

35 

15 

50 

— 

llx 

760 

25 

5 

70 

750 

lls 

20 

— 

— 

— 

30 

llcv  (%) 

2.0 

3 

12A 

530 

10 

40 

50 

— 

12B 

— 

— 

— 

— 

— 

12C 

550 

30 

0 

70 

— 

12x 

540 

20 

20 

60 

— 

12s 

10 

— 

— 

— 

— 

12 cv  (%) 

2.6 

13A 

640 

30 

40 

30 

620 

13B 

850 

30 

0 

70 

730 

13C 

— 

— 

— 

— 

— 

13x 

750 

30 

20 

50 

680 

13s 

150 

— 

— 

— 

80 

13cv  (%) 

20 

11 

14A 

530 

10 

0 

90 

400 

14B 

710 

10 

0 

90 

420 

14C 

510 

10 

0 

90 

530 

14X 

580 

10 

0 

90 

450 

14s 

110 

— 

— 

— 

70 

14CV  (%) 

19 

16 

PS1 


First  number  is  bridge  number  from  table  1 and  A,B,C  designate 
replications  of  cores  (e.g.,  2A  = Bridge  No. 2,  replication  A); 
x = average,  s = standard  deviation,  cv  = coefficient  of  variation 
= (s/x) 100 ; (e.g. , 2x  is  average  of  replications  A,B,  and  C for 
Bridge  No . 2 ) . 
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Table  3 


Bond  Strength  Data  for  Iowa  Direct  Shear  Bond  Test  Method  - 3 in.  Thick 
PCC  Overlays  on  PCCa  Slabs  on  Grade  (Field  Cores) 


Location  Shear  Bond 

(County  in  Iowa)  Stress  (psi) 


Minimum  Maximum  Avg.b  Std.  Dev.b  CV(%)b 


Black  Hawk 


297 

1238 

1337 

1103 

1205 

1052 

930 

760 

670 


297 
67  0c 


1337  955  330  34.6 

1337°  1037°  235c  22. 7C 


Woodbury 

569 

764 

525 

509 

517 

509 

764 

577 

107 

18.6 

Pottawattamie 

d 

550 

Pottawattamie  835 

505 

947 

963 

1074 

597 


505 


1074  820  224  27.3 


a 4 in.  diameter  field  cores?  surface  preparation  prior  to  placing 
overlay  consisted  of  grinding,  sand  blasting  and  grouting  (grout 
was  cement,  sand,  and  water  or  cement  and  water).  The  grout  was 
applied  to  dry  base  concrete  just  prior  to  placement  of  PCC 
overlays.  The  ages  of  the  overlays  when  the  cores  were  tested  were 
not  available,  but  were  estimated  for  most  of  the  cores  to  be 
less  than  or  equal  to  1 year. 

b Avg.  = average,  Std.  Dev.  = standard  deviation,  CV  (%)  = coefficient 
of  variation  = (Std.  Dev. /Avg.)  x 100 


c 


d 


Value  of  297  psi  excluded 
17  individual  values  not  available 
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Table  4. 


Bcrd  Strength  and  Location  and  Amount  of  Failure  Surface  for  1 Day- 
Old  Portland  Cement  Concrete  Overlay  Material  Bonded  to  43-Day  Old 
Portland  Cement  Concrete 


1 

Approximate  Percentage  of  Failure  Surface  Area  which 

Failed: 

Direct  Shear 

Surface 

Bond  Strength 

1 

Bond  Test  Method 

preparation 

(psi)  based  on 

1 

7.07  in.2  cross- 

1 

sectional  area. 

| in  Overlay 

in  Base 

on  Bond 

in  Overlay  Material 

j Material 

Concrete 

Plane1 

and  Base  Concrete2 

(2) 

(3) 

(4) 

(5) 

(1) 

1 

1 

Sawn 

48 

95 

0 

5c 

0 

IOWA3 

234 

95 

0 

5c 

0 

147 

80 

0 

20c 

0 

204 

70 

5 

25c 

0 

158 

75 

0 

25c 

0 

137 

75 

0 

25c 

0 

195 

95 

0 

5c 

0 

80 

80 

0 

20c 

0 

Avg. 4 

150 

Std.  Dev. 

62.6 

CV  (%) 

41.6 

Sand 

301 

90 

0 

10c 

0 

IOWA3 

Blasted 

200 

75 

0 

25c 

0 

111 

95 

0 

5c 

0 

176 

100 

0 

0 

0 

157 

90 

0 

10c 

0 

150 

100 

0 

0 

0 

181 

100 

0 

0 

0 

170 

100 

0 

0 

0 

Avg. 

181 

Std.  Dev. 

55.0 

CV  (%) 

30.5 

Sawn 

246 

80 

0 

20c 

0 

ENL5 

265 

75 

0 

25c 

0 

300 

85 

0 

15c 

0 

235 

90 

0 

10c 

0 

217 

75 

0 

25c 

0 

218 

40 

0 

60c 

0 

185 

— not  available 

188 

— not  available 

Avg. 

232 

Std.  Dev. 

38.6 

CV  (%) 

16.6 

Sand 

352 

95 

0 

5r 

0 

Blasted 

205 

90 

0 

10c 

0 

243 

95 

0 

5c 

0 

180 

95 

0 

5c 

0 

208 

95 

0 

5c 

0 

301 

95 

0 

5c 

0 

314 

100 

0 

0 

0 

258 

95 

0 

5c 

0 

Avg. 

258 

Std.  Dev. 

60.4 

CV  (%) 

23.4 

1 c = clean  break,  neither  in  overlay  material  nor  base  acncrete; 
r “ thin  layer  of  overlay  material  adhered  on  base  concrete. 

2 Failure  process  produced  a separate  pieoe  tAiich  acntained  both 
the  overlay  material  and  the  base  concrete  bended  together. 

3 Loaded  at  approximately  5300  lbf./min. 

4 Avg.  = average,  Std.  dev.  « standard  deviation,  CV  « coefficient  of 
variation  - (standard  deviation  /average) x 100. 


5 


loaded  at  approximately  1200  lbf./min. 
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Table  5.  Bond  Strength  and  Location  and  Amount  of  Failure  for  3 Day-Old 
Portland  Cement  Concrete  Overlay  Material  Bonded  to  45-Day  Old 
Base  Portland  Cement  Concrete 


Bond  Strength 
(psi)  Based  on 
7.07  in.2  Cross 

Direct  Shear  Surface  Sectional  Area. 

Bond  Test  Method  Preparation 


(1) 

1 (2) 

1 

(3) 

(4) 

(5) 

Sawn 

338 

90 

0 

10c 

0 

IOWA3 

255 

60 

0 

40c 

0 

442 

60 

0 

40C 

0 

418 

80 

0 

10c 

10 

271 

85 

0 

15c 

0 

243 

80 

0 

20C 

0 

402 

80 

0 

20C 

0 

350 

95 

0 

5c 

0 

Avg.4 

340 

Std.  Dev. 

77.4 

CV  (%) 

22.8 

Sand 

310 

100 

0 

0 

0 

IOWA3 

Blasted 

267 

100 

0 

0 

0 

438 

95 

0 

5c 

0 

243 

90 

0 

10c 

0 

346 

90 

5 

0 

5 

227 

85 

0 

0 

15 

287 

100 

0 

0 

0 

370 

100 

0 

0 

0 

Avg. 

311 

Std.  Dev. 

70.8 

CV  (%) 

22.8 

Sawn 

521 

85 

5 

10c 

0 

ENL5 

357 

85 

0 

15c 

0 

433 

30 

0 

70c 

0 

494 

90 

0 

10c 

0 

341 

50 

0 

45c 

0 

345 

75 

0 

25c 

0 

355 

90 

0 

10c 

0 

348 

85 

0 

15c 

0 

328 

60 

0 

40c 

0 

Avg. 

391 

Std.  Dev. 

72.4 

CV  (%) 

18.5 

Sand 

352 

100 

0 

0 

0 

BJL5 

Blasted 

453 

100 

0 

0 

0 

327 

100 

0 

0 

0 

355 

100 

0 

0 

0 

457 

-not  available 

451 

95 

0 

5r 

0 

444 

100 

0 

0 

0 

393 

100 

0 

0 

0 

Avg. 

404 

Std.  Dev. 

53.7 

CV  (%) 

13.3 

Approximate  Percentage  of  Failure  Surface  Area  which  Failed: 


in  Overlay 
Material 


in  Base 
(Concrete 


in  Overlay  Material 
and  Base  Concrete2 


c “ clean  break,  neither  in  overlay  material  nor  base  concrete; 
r » thin  layer  of  overlay  material  adhered  on  base  concrete. 

Failure  process  produced  a separate  piece  which  contained  both 
the  overlay  material  and  the  base  concrete  bonded  together. 

Loaded  at  approximately  5300  lbf./min. 

Avg.  = average,  Std.  dev.  » standard  deviation,  CV  = coefficient  of 
variation  *=  (standard  deviation/ average) x 100. 


5 


t coded  at  «rprrrviniatf>iy  1200  lbf./min. 
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Table  6.  Average  Bond  Strength  and  Coefficient  of  Variation  Values  for  the  IOWA 
and  BNL  Direct  Shear  Bond  Test  Methods  for  1-  and  3 -Day  Old  PCC 
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Table  8 


Compressive  - BNL  Bond  Strength  Data  for  PCC  Overlays  (Tested  at  the  Virginia 
Transporation  Research  Council  Laboratories) 


Batch 

Curing3 

Compress iveb 

and  Bondb 

Strength 

(psi)  at 

ages  of  : 

Temperature ( * F) 

4hr 

6hr 

8hr 

lOhr 

12hr 

24hr 

28days 

1 

55 

- 

60 

220 

410 

750 

2550 

5210 

- 

60 

210 

360 

870 

2700 

4990 

*c  - 

60 

215 

385 

810 

2625 

5100 

- 

15 

40 

30 

160 

290 

320 

- 

0 

- 

70 

70 

350 

520 

Xb  - 

8 

40 

50 

115 

320 

420 

2 

55 

110 

380 

760 

970 

1230 

1910 

3540 

with  2%  CaCl2 

100 

440 

750 

1030 

1270 

1800 

3480 

(by  weight 

Xc  105 

410 

755 

1000 

1250 

1855 

3510 

of  cement) 

20 

80 

170 

490 

140 

290 

320 

130 

60 

330 

280 

250 

350 

890 

Xb  75 

70 

250 

385 

195 

320 

605 

3 

55 

120 

820 

1110 

1480 

1370 

2230 

3620 

with  2%  CaCl2 

150 

600 

1200 

1500 

1710 

2310 

3320 

Xc  135 

710 

1155 

1490 

1540 

2270 

3470 

0 

50 

170 

160 

150 

310 

360 

110 

290 

- 

130 

220 

210 

370 

xb  55 

170 

170 

145 

185 

260 

365 

4 

73 

40 

400 

1410 

2080 

2700 

3580 

5650 

• 

40 

400 

1550 

2220 

2670 

3380 

5530 

Xc  40 

400 

1480 

2150 

2685 

3480 

5590 

30 

10 

120 

200 

290 

300 

410 

0 

100 

260 

310 

150 

420 

370 

Xb  15 

55 

190 

255 

220 

360 

390 

5 

73 

440 

1830 

- 

- 

3300 

4060 

4770 

with  2%  CaCl2 

500 

1610 

- 

- 

3380 

3980 

5190 

Xc  470 

1720 

- 

- 

3340 

4020 

4980 

140 

440 

_ 

_ 

- 

- 

160 

110 

270 

- 

- 

- 

- 

710 

Xb  125 

355 

* 

* 

“ 

- 

435 

6 

73 

300 

1640 

2540 

2940 

3180 

3900 

5030 

with  2%  CaCl2 

350 

1690 

2700 

2960 

3150 

3820 

4970 

Xc  325 

1665 

2620 

2950 

3165 

3860 

5000 

80 

480 

340 

280 

310 

700 

880 

40 

280 

230 

350 

350 

470 

360 

Xb  60 

380 

285 

315 

330 

585 

620 

7 

100 

280 

1270 

1470 

1830 

1850 

2570 

3860 

220 

1290 

1550 

1860 

1960 

2550 

3780 

Xc  250 

1280 

1510 

1845 

1905 

2560 

3820 

30 

_ 

350 

340 

330 

390 

610 

190 

270 

260 

330 

200 

320 

440 

Xb  110 

270 

305 

335 

270 

355 

525 

8 

100 

780 

2050 

2490 

2730 

2890 

3460 

4140 

with  2%  CaCl2 

820 

2080 

2470 

2980 

3330 

3460 

4020 

Xc  800 

2065 

2480 

2855 

3110 

3460 

4080 

160 

390 

320 

690 

380 

- 

260 

120 

30 

380 

360 

500 

420 

850 

Xb  140 

210 

350 

525 

440 

420 

555 

9 

100 

1110 

2450 

2950 

3070 

3550 

3640 

4390 

with  2%  CaCl2 

1180 

2570 

2770 

3410 

3380 

3560 

4550 

Xc1145 

2510 

2860 

3240 

3465 

3600 

4470 

110 

280 

190 

660 

430 

410 

340 

230 

380 

320 

280 

350 

350 

700 

Xb  170 

330 

255 

470 

390 

380 

520 

a Bond  specimens  containing  PCC  overlays  were  cured  at  the  indicated 
temperature  for  cure  durations  less  than  or  equal  to  24  hr.  Bond 
specimens  cured  28  days  were  first  cured  at  the  indicated  temperature 
(55,  73,  or  100 *F)  for  24  hr.  and  then  cured  at  73 *F  for  the  remainder 
of  their  cure. 

b For  each  batch  and  at  each  age,  two  compressive  strengths  are  listed 

first  followed  by  the  average  compressive  strength,  Xc,  and  then  two  BNL 
shear  bond  strengths  are  listed  followed  by  the  average  BNL  strength, 

Xb.  Compressive  and  bond  strengths  were  calculated  by  dividing  the  failure 
load  (lbf.)  by  the  12.57  in.2  cross-sectional  area  for  4 in.  diameter 
specimens.  The  28-day  compressive  strength  of  the  base  concrete  was 
5280  psi. 
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Table  9 Summary  of  the  Direct  Shear  Bond  Strength  Results  from 
Field  Cores  Tested  Using  the  IOWA  and  BNL  Test  Methods 


Test  Method 


Overlay* 


No. 


Range  — in  Bond  Strength  (psi) 


Minimum  Values 


j Material 

1 

j Cores  j 

1 1 

1 

BNL 

1 

| LMC 

1 

1 1 

1 28  | 

1 1 

420 

to 

790 

1 

| 530  to  930 

1 

IOWA 

1 

| PCC 

1 

1 1 

1 37  | 

1 1 

300 

to 

510 

1 

| 550  to  955 

1 

Average  Values 


LMC  = latex  modified  concrete;  PCC  = portland  cement  concrete 

The  minimum  and  average  values  of  each  data  set  were  determined  and 
the  ranges  of  the  minimum  and  average  values  were  then  found  (see 
tables  2 and  3) . 
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Table  10.  Preliminary  Performance  Criteria3  for  PCC  and  LMC  Overlay  Materials 
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Table  Al.  Mix  Proportions  and  Properties  of  Base  Concrete  and  Overlay  Materials  Used  in  Comparative 
Laboratory  Testing  (Test  Series  I)  of  the  ICMA  and  BNL  Direct  Shear  Bond  Test  Methods 
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Slant  Shear  Bond  Test  Methods 
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Table  Bl.  Bend  Strength  and  Location  and  Amount  of  Failure  Surface  for  2 Day- 
Old  Portland  Canant  Concrete  Overlay  Material  Bonded  to  50-Day  Old 
Portland  Cement  Concrete 


Bond  Test  Method 


Surface 

Preparation 


Bond  Strength 
(psi)  Based  on 
7.07  in.2  Croes- 
Secticnal  Area. 


Bend  Strength 
(psi)  Based  on 
14.14  in.2 
Elliptical  Bond 
Plane  Area. 


Approximate  Percentage  of  Failure  Surface  Area  which  Failed  : 


in  Overlay 
Material 


in  Base 
Concrete 


on  Bend 
Plane1 


in  Overlay  Material 
and  Base  Concrete2 


(1) 

(2) 

1 

(3) 

(4) 

(5) 

(6) 

Direct  Shear 

Sawn 

221 

100 

0 

0 

0 

ENL3 

259 

90 

0 

10c 

0 

492 

95 

5 

0 

0 

267 

95 

0 

5c 

0 

284 

95 

0 

5c 

0 

385 

95 

0 

5c 

0 

248 

95 

0 

5c 

0 

306 

100 

0 

0 

0 

Avg.4 

308 

Std.Dev. 

89.0 

CV(%) 

28.9 

Direct  Shear 

Sand 

260 

95 

0 

5c 

0 

ENL3 

Blasted 

310 

100 

0 

0 

0 

334 

95 

0 

5c 

0 

243 

100 

0 

0 

0 

277 

95 

0 

5c 

0 

385 

95 

5 

0 

0 

316 

100 

0 

0 

0 

291 

100 

0 

0 

0 

# 

412 

100 

0 

0 

0 

472 

100 

0 

0 

0 

Avg. 

330 

Std.  Dev. 

72.6 

CV  (%) 

22.0 

Sawn 

193 

100 

0 

0 

0 

Uniaxial  Tension5 

184 

100 

0 

0 

0 

187 

95 

0 

5r 

0 

178 

100 

0 

0 

0 

184 

100 

0 

0 

0 

200 

100 

0 

0 

0 

181 

100 

0 

0 

0 

193 

100 

0 

0 

0 

Avg. 

187.5 

Std.  Dev. 

7.4 

CV  (%) 

3.9 

Sand 

207 

100 

0 

0 

0 

Uniaxial  Tension5  Blasted 

171 

100 

0 

0 

0 

200 

100 

0 

0 

0 

187 

100 

0 

0 

0 

181 

100 

0 

0 

0 

184 

100 

0 

0 

0 

181 

100 

0 

0 

0 

198 

100 

0 

0 

0 

Avg. 

188.7 

Std.  Dev 

11.9 

CV(%) 

6.3 

Sawn 

1250 

623 

40 

0 

60c 

0 

Slant  Shear6 

1270 

635 

25 

0 

75c 

0 

1170 

585 

45 

0 

55c 

0 

1090 

544 

50 

0 

50c 

0 

1190 

596 

35 

0 

65c 

0 

1010 

507 

40 

0 

60c 

0 

1320 

662 

70 

0 

30c 

0 

Avg. 

1190 

593 

Std.  Dev 

108 

53.8 

CV(%) 

9.1 

9.1 

Sand 

1180 

591 

55 

0 

45c 

0 

Slant  Shear6  Blasted 

1230 

613 

50 

0 

50c 

0 

1190 

596 

55 

0 

45c 

0 

1110 

557 

80 

0 

20c 

0 

1180 

589 

60 

0 

40c 

0 

1200 

601 

75 

0 

25C 

0 

1240 

619 

75 

0 

25c 

0 

Avg. 

1190 

595 

Std.  Dev 

40.6 

20.4 

CV  (%) 

3.4 

3.4 

1 c ■=clean  break,  neither  in  overlay  material  nor  base  concrete; 

r = thin  layer  of  overlay  material  adhered  on  base  concrete. 

2 Failure  process  produced  a separate  piece  which  contained  both 

the  overlay  material  and  the 

base  ocncrete  bended  together. 

3 Loaded  at  approximately  1100 

lbf./min. 

4 Avg.  = average,  Std.  dev.  « 

standard  deviation,  CV  = coefficient  of 

variation  « (standard  deviation/ average)  x 100. 
Tested  at  crosshead  speed  of  1 uny'min. 

Loaded  at  approximately  7,000  to  9,000  lbf./min. 


Table  B2.  Bond  Strength  and  Location  and  Amount  of  Failure  Surface  for 
1 Day-Old  Latex  Modified  Concrete  Overlay  Material  Bonded  to 
70  Day-Old  Portland  Osnent  Concrete 


Bond  Test  Method 

Surface 

preparation 

Bond  Strength 

(psi)  based  on 

7.07  in.2  Cross- 
Sectional  Area. 

(1) 

Bond  Strength 

(psi)  based  on 

1^14  in.2 
Elliptical  Bond 
Plane  Area. 

(2) 

1 

1 

1 

1 

1 

1 

1 

1 

Approximate  Percentage  of  Failure  Surface  Area  which  Failed: 

in  Overlay  in  Base  on  Bond  in  Overlay  Material 

Material  Concrete  Plane1  and  Base  Concrete2 

(3)  (4)  (5)  (6) 

Direct  Shear 

Sawn 

368 

0 

5 

95c 

0 

BNL3 

351 

0 

0 

100c 

0 

324 

0 

0 

100c 

0 

347 

0 

0 

100C 

0 

287 

0 

0 

100c 

0 

335 

0 

0 

100c 

0 

403 

0 

0 

100c 

0 

307 

0 

0 

100c 

0 

422 

0 

5 

95c 

0 

420 

0 

5 

95c 

0 

Avg.4 

356 

Std.  Dev. 

46.5 

CV  (%) 

13.1 

Direct  Shear 

Sand 

610 

5 

5 

90C 

0 

BJL3 

Blasted 

291 

0 

5 

95C 

0 

400 

0 

0 

100c 

0 

427 

0 

0 

100c 

0 

395 

5 

15 

80c 

0 

453 

10 

0 

90C 

0 

416 

5 

5 

90c 

0 

270 

0 

0 

100c 

0 

490 

5 

0 

95C 

0 

392 

0 

5 

95c 

0 

Avg. 

414 

Std.  Dev. 

95.7 

CV  (%) 

23.1 

Sawn 

229 

25 

0 

75c 

0 

Uniaxial  Tension5 

240 

15 

0 

85c 

0 

245 

0 

0 

100c 

0 

302 

0 

0 

100c 

0 

299 

5 

0 

95c 

0 

250 

0 

0 

100c 

0 

256 

5 

0 

95c 

0 

Avg. 

260.2 

Std.  Dev. 

29.0 

CV  (%) 

11.2 

Sand 

315 

85 

0 

15c 

0 

Uniaxial  Tension5 

Blasted 

278 

30 

0 

70C 

0 

315 

60 

0 

40c 

0 

331 

75 

0 

25C 

0 

293 

90 

0 

10c 

0 

273 

15 

0 

90c 

0 

271 

75 

0 

25c 

0 

299 

75 

0 

25C 

0 

Avg. 

297 

Std.  Dev. 

22.1 

CV  (*) 

7.4 

Sawn 

1880 

943 

0 

0 

100c 

0 

Slant  Shear6 

1290 

645 

0 

0 

100c 

0 

1750 

874 

0 

0 

100c 

0 

1570 

787 

5 

0 

95c 

0 

1180 

591 

0 

0 

100c 

0 

1690 

844 

0 

0 

100c 

0 

1740 

872 

0 

0 

100c 

0 

Avg. 

1590 

794 

Std.  Dev. 

258 

129 

CV  (%) 

16.3 

16.3 

Sand 

1920 

960 

5 

0 

90c 

5 

Slant  Shear6 

Blasted 

1600 

800 

1 0 

5 

95c 

0 

1650 

825 

5 

0 

90c 

5 

1650 

826 

0 

0 

100c 

0 

1680 

842 

0 

0 

100c 

0 

2120 

1060 

0 

5 

95c 

0 

2140 

1070 

0 

5 

90c 

5 

1990 

997 

0 

0 

80c 

20 

Avg.  184  0 922 

Std.  Dev.  222.6  111.3 

CV  (%)  12.1  12.1 


1 c = clean  break,  neither  in  overlay  material  nor  base  concrete 

2 Failure  process  produced  a separate  piece  which  contained  both 
the  overlay  material  and  the  base  concrete  bended  together. 

3 loaded  at  approximately  1100  lbf./min. 

4 Avg.  «*  average,  Std.  dev.  « standard  deviation,  CV  - coefficient  of 
variation  « (standard  deviation/ average)  x 100. 

5 Tested  at  crosshead  speed  of  1 nnyTnin. 

6 loaded  at  approximately  7,000  to  9,000  lbf./min. 
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Table  B3.  Sunmary  of  Bond  Strength  Data  for  the  Three  Bond  Test  Methods  and  Two  Overlay  Materials 
In  Oonpartive  Test  Series  II 
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Shim  to  provide  snug 
fit  for  loading  ram 


Guillotine  loading 
ram  contacts 
cylindrical  surface 
of  specimen  as 
shown  below 


Holding 

frame 


Figure  1.  BNL  direct  shear  bond  apparatus  with  holding  frame  and 
loading  ram.  A 3-in.  diameter  bond  specimen  is  shown  prior  to 
inserting  it  into  the  holding  frame.  This  test  setup  was  used  for 
all  NIST  tests  (bond  specimens,  plain  overlay  material,  or  base 
concrete  sheared) . A somewhat  similar  test  setup  was  used  for 
the  Virginia  Transportation  Research  Council  testing  - see 
Section  3.1.1.  and  references  12  and  13. 
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Figure  2.  A3  in. -diameter  bond  specimen  inserted  in  holding 
frame  showing  the  1 in. -thick  overlay  section  to  be  "guillotined" 
in  direct  shear.  A 2 in. -thick  steel  wall  thickness  was  used  to 
hold  the  the  specimen.  This  was  the  NIST  test  setup  - see  Section 
3.1.1. 


89 


Bearing  plate 


Front  face  of 
loading  ram 


Sketch  of  bearing  plate  position  on  loading  ram 


Figure  3 . BNL  direct  shear  bond  test  apparatus  with  a bond 
specimen  in  apparatus  ready  to  apply  a shear  load,  by  applying  a 
compressive  force  to  the  loading  ram.  Note  the  use  of  a 1.0  in.- 
wide  by  3/16  in. -thick  by  3-1/8  in. -long  steel  bearing  plate 
which  rested  on  top  of  the  loading  ram.  The  front  face  of  the 
bearing  plate  (3/16  by  3-1/8  in.)  was  flush  with  the  front  face 
of  the  loading  ram,  and  centered  with  respect  to  the  width  of  the 
loading  ram,  and  also  centered  with  respect  to  the  spherically- 
seated  bearing  block  (not  shown)  of  the  testing  machine.  (The 
thickness  and  length  of  the  bearing  plate  varied  (thickness:  3/16 
and  1/2  in.;  length:  3-1/8  and  4 in.).  A 1 in.  width  was  always 
used.).  The  purpose  of  the  plate  was  to  help  transmit  the 
applied  load  to  the  center  of  the  overlay  being  sheared. 
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Figure  4.  IOWA  testing  jig,  not  in  testing  machine. 
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Figure  5.  Specimen  in  IOWA  testing  jig,  which  is 
machine. 
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in  testing 


Figure  6.  Slant  shear  bond  specimen  being  compressed.  One  half 
of  the  specimen  is  base  portland  cement  concrete  and  the  other 
half  is  overlay  material. 
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Universal  ball  and 
socket  connection 


Pipe  cap 


Bond  plane  within 
4.8  mm  (3/16  in.) 
thbk  rubber 
"0"-ring 


Figure  7.  Uniaxial  tension  bond  test  setup.  Pipe  caps  were 
screwed  on  the  pipe  nipples,  then  installed  in  a screw-driven 
testing  machine,  and  pulled  in  tension.  Two  pipe  nipples  were 
used:  one  was  bonded  to  the  base  concrete  and  the  other  bonded  to 
the  overlay  material.  A rubber  "C'-ring  provided  about  3/16  in. 
spacing  between  the  pipe  nipples  at  the  bond  plane.  A universal 
ball  and  socket  connection  was  used  at  each  end  of  the  specimen 
(see  reference  4 for  details) . 
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Figure  8a. -IOWA  Test  Method 


2 


— I 1 [— 

1400  1 450  1 500 


AGE  AT  TESTING  (MINUTES) 


1550 


Figure  8.  Direct  shear  bond  strength  vs.  age  at  testing  for  1-Day 
Old  PCC  overlay  material  for  the  IOWA  (figure  8a.)  and  BNL 
(figure  8b.)  test  methods.  The  solid  lines  are  the  least-squares 
linear  regression  lines  for  specimens  with  sawn  surfaces,  where 
the  individual  data  are  shown  by  the  number  "1";  similarly,  the 
dashed  lines  are  the  least-squares  linear  regression  lines  for 
specimens  with  sandblasted  surfaces,  where  the  individual  data 
are  shown  by  the  number  "2". 
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Figure  Bl.  (Appendix  B)  Bond  strength  vs.  age  at  testing  for  2 
Day-Old  PCC  overlay  material  for  the  BNL  (figure  Bl(a)),  uniaxial 
tension  (figure  Bl(b)),  and  slant  shear  (figure  Bl(c)  bond  test 
methods.  The  solid  lines  are  the  least-squares  linear  regression 
lines  for  specimens  with  sawn  surfaces,  where  the  individual  data 
are  shown  by  the  number  "l";  similarly,  the  dashed  lines  are  the 
least-squares  linear  regression  lines  for  specimens  with 
sandblasted  surfaces,  where  the  individual  data  are  shown  by  the 
number  "2”. 
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Figure  B2  (Appendix  B)  Bond  strength  vs.  age  at  testing  for  1 
Day-Old  LMC  overlay  material  for  the  BNL  (figure  Bl(a)),  uniaxial 
tension  (figure  Bl(b)),  and  slant  shear  (figure  Bl(c)  bond  test 
methods.  The  solid  lines  are  the  least-sguares  linear  regression 
lines  for  specimens  with  sawn  surfaces,  where  the  individual  data 
are  shown  by  the  number  "1";  similarly,  the  dashed  lines  are  the 
least-squares  linear  regression  lines  for  specimens  with 
sandblasted  surfaces,  where  the  individual  data  are  shown  by  the 
number  ”2”. 
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